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The spectral effects of clouds on solar irradiance
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Abstract. Knowledge of the spectral attenuation associated with clouds is
important for accurate estimates of natural irradiance at the Earth’s surface. We
compare spectral measurements of visible downwelling irradiance, under varying
sky conditions at Halifax, Nova Scotia, Canada, with results from a clear-sky model.
The spectral effect of clouds is estimated by taking the ratio of the measurements
to the modeled irradiances and removing spectrally consistent instrumental effects
and errors in the model. Empirical relationships derived between the spectral cloud
effect and both C'F, the cloud factor (the ratio of measured to modeled irradiances
at 490 nm), and f, the fraction of sky covered by cloud, were found to follow a
wavelength (A) dependence of the form «(CF or f) 4+ b(CF or f)(A/490)~% in the
412-700 nm wavelength range. Both this relationship and a previously published
linear relationship were found to be inadequate for describing cloudy irradiance
data from the Bering Sea, indicating that the spectral effect of clouds can vary
with cloud type and location. We show here that the spectral cloud effect can
be mimicked by using a clear-sky model and changing the magnitude of the sky
reflectivity or the spectral shape and magnitude of the ground albedo within the
model. An investigation of the effects of cloud-dependent changes in irradiance
spectra on calculations of bio-optical properties is also presented. Estimates of
chlorophyll concentration from near-surface radiances are found to vary by up to
30%, whereas the effects on estimates of photosynthetically available and usable

radiation at the sea surface are negligible.

1. Introduction

The accurate representation of natural spectral ir-
radiance at the Earth’s surface is an important fac-
tor in oceanographic studies based on optical mea-
surements, such as the estimation of primary produc-
tion [Kiefer and Mitchell, 1983; Platt and Sathyen-
dranath, 1988; Morel, 1991] and chlorophyll concen-
tration [Morel, 1980]. Although it is well known that
clouds change the amount of sunlight reaching the
Earth’s surface, the spectral effect of clouds is poorly
quantified. This uncertainty hampers attempts to model
irradiance at the Earth’s surface under natural atmo-
spheric conditions.

Many models of solar irradiance apply to clear-sky
conditions only [e.g., Leckner, 1978; Sherry and Jus-
tus, 1983; Bird and Riordan, 1986; Gregg and Carder,
1990; Gueymard, 1995]. Several methods have been
used to incorporate the effect of clouds into such mod-
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els. The more complicated representations divide the
atmosphere and clouds into several layers, requiring nu-
merous parameters (e.g., LOWTRAN [Kneizys et al.,
1983] and SBDART [Ricchiazzi et al., 1998]). Simpler
methods compensate for clouds by applying a weight-
ing to the irradiance for the clear-sky case [e.g., Atwa-
ter and Ball, 1978]. A limited number of studies have
shown that in the ultraviolet and visible wavelength re-
gions (from 290 to 700 nm) clouds cause wavelength-
dependent attenuation of downwelling solar irradiance
[Spinhirne and Green, 1978; Nann, 1990; Nann and Ri-
ordan, 1991; Seckmeyer et al., 1996; Wang and Leno-
ble, 1996; Byfield et al., 1997; Siegel et al., 1998]. Only
the study of Siegel et al. [1998] provides a parameter-
1zation with coefficients that characterize the spectral
effect of clouds on irradiance. However its applicability
to a broad range of locations and times of year has not
been determined. .
Different perceptions exist regarding the cause of
spectral attenuation by clouds. One hypothesis is that
the spectral change in downwelling irradiance is a re-
sult of irradiance reflection off the surface of the Earth
and clouds [Wang and Lenoble, 1996; Kylling et al.,
1997; Frederick, 1997; S. Madronich, personal commu-
nication, 1996]. The process is summarized as follows:
Downwelling solar irradiance is reflected off the top sur-
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face of clouds back to space. Since clouds are gener-
ally white or light gray in color, this process is spec-
trally neutral and simply decreases the magnitude of
the downwelling irradiance. Part of this reflected irra-
diance is then scattered back toward the Earth’s sur-
face by the atmospheric constituents. The scattering
is greater at shorter (blue) wavelengths than at longer
(red) wavelengths, so the resulting downwelling irra-
diance is bluer relative to irradiance under clear sky.
Downwelling irradiance that passes through the cloud
and reaches the Earth’s surface is then reflected (with
a reflectivity determined by the ground albedo), yield-
ing upwelling irradiance. Part of the upwelling irradi-
ance is then reflected off the spectrally neutral bottom
surface of the overlaying clouds; yielding downwelling
irradiance which contributes to the direct downwelling
irradiance. The spectral shape of this reflected down-
welling irradiance would differ from that of the direct
irradiance because of the influence of (a) the spectral
shape of the ground albedo [Middleton, 1954; Spinhirne
and Green, 1978] and (b) the spectral processes that
occur within the atmospheric path traversed by the re-
flected irradiance that is not traversed by the direct
irradiance.

An alternative hypothesis is that the spectral attenu-
ation of clouds is caused by “spectral trapping” within
the clouds: a consequence of the increase in pathlength
caused by multiple scattering by the cloud constituents
(water, gas molecules, and aerosols) which each have
different absorption and scattering characteristics (but
see Middleton [1954] and Spinhirne and Green [1978]).
Our results suggest that the former hypothesis is the
dominant effect in spectral attenuation by clouds.

Other factors that may alter the spectral shape of the
downwelling irradiance under clouds are the cloud type,
the solar zenith angle, and the horizontal cloud distri-
bution. The spectral cloud effect has been shown to
be enhanced under thick clouds relative to thin clouds
[Spinhirne and Green, 1978]. However, the effect of an
increase in solar zenith angle has only been seen during
periods of thin cloud cover [Aasten and Czeplak, 1980;
Nann and Riordan, 1991; Siegel et al., 1998]. This is
because in thicker clouds the increased scattering by
cloud particles causes the light field to become diffuse;
hence the incident photon direction becomes irrelevant
[Wang and Lenoble, 1996; Siegel et al., 1998]. An in-
crease in the horizontal extent of cloud would also be
expected to increase the spectral change in the down-
welling irradiance because of the increasing number of
photons that must intercept the cloud. However, the
spectral cloud effect can be more pronounced when a
small cloud is in the line-of-sight of the sun, since the
direct downwelling irradiance will be intercepted by the
cloud, whereas the skylight will be largely unaffected.
This effect may be significant on short timescales when
variations in downwelling irradiance caused by the pas-
sage of clouds in front of the sun can be severe [e.g.,
Cullen et al., 1994]. All of these factors need to be con-
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sidered when determining the spectral effect of clouds.
This study determines the spectral effect that differ-
ent sky conditions have on the visible irradiance at Hal-
ifax, Nova Scotia, Canada (45°N, 63°W), and derives
simple methods to correct irradiance models for these
spectral effects. The results are compared with previ-
ously published relationships and applied to irradiance
data from the Bering Sea to determine the applicability
of the derived results to other locations. A simple anal-
ysis is then made of the consequence of these spectral
effects on the estimation of chlorophyll concentration
(C) in oceanic waters from measurements of ocean color
at the sea surface and in the determination of photosyn-
thetically available radiation (PAR) and photosynthet-
ically usable radiation (PUR). A list of symbols and
abbreviations can be found in the notation section.

2. Obtaining Cloudy Irradiance from
Clear-Sky Irradiance

Downwelling solar irradiance after passing through
cloud [E4(A, f)] can be calculated from modeled clear-
sky irradiance [E4())] as

Eq(\ f) = Eq(A) x X(\) x CF x SCE(\,CF), (1)

where A is the wavelength, f is the fraction of sky cov-
ered by cloud, X(A) is the instrumental and/or local
effect, C'F is the cloud factor (the ratio of F4(490) to
F4(490), a measure of the effect of clouds on the mag-
nitude of the downwelling irradiance) and SCE(A,CF)
is the spectral cloud effect. The parameter X(A) can
be calculated for any instrument and location by tak-
ing the ratio of E4(X,0) to E4(\) using the available
climatological parameters. The second parameter, CF,
can be estimated by using a local parameterization for
C'F as a function of f or measured directly. The final
parameter, SC'E(\, C'F), can either be calculated for a
given locality or estimated from an empirical relation-
ship. Each of these parameters are described in more
detail later in this paper.

3. Irradiance Measurements

Measurements of spectral downwelling irradiance at
the Earth’s surface, E4(\), were made using an OCI-
200 irradiance meter (Satlantic, Inc., Halifax, Nova Sco-
tia, Canada).
sensors with individual cosine collectors arranged in a

This instrument has seven irradiance

horizontal plane; one sensor was not used because its
cosine response was unsatisfactory. Each of the sen-
sors used has a bandpass of approximately 10 nm [see
Cullen et al., 1994], with center wavelengths of 411.4,
442.9, 489.9, 555.2, 683.8, and 699.5 nm. For these sen-
sors, the errors in the cosine response for incident angles
less than 70° were less than 7% (Figure 1). The spec-
tral responses for the filters were determined at room
temperature by Satlantic, Inc., using a dual-beam spec-
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Figure 1. Cosine response errors for the OCI-200

irradiance sensors in air of center wavelengths 411.4,
555.2, 683.8, and 699.5 nm (courtesy of Satlantic, Inc.).
The remaining sensors used (with center wavelengths of
442.9 and 489.9 nm) had cosine response errors of less
than 5% for incident angles less than 70°. The values
in parentheses indicate the angle of deviation of the in-
strument from the normal to the light source. These
cosine reponse errors were determined in multiples of 2
or 3 by Satlantic, Inc., by varying the angle of incidence
of a collimated light source on a row of sensors on an
instrument head.

trophotometer with the filters positioned to mimic its
location in the OCI-200 irradiance meter.

The instrument was positioned horizontally on the
roof of an inner-city building in Halifax (population
125,000), 2 km from the ocean. Spectral irradiance was
logged every 10 s for the months of August-October
1996. The instrument was calibrated each month using
a standard 1000 W FEL Tungsten-Halogen lamp from
Optronic Laboratories. Over the period of observation,
the calibration values changed by a maximum of 4%.

4. Modeled Clear-Sky Irradiance

Clear-sky irradiance at the Earth’s surface was mod-
eled using a combination of the original Bird and Ri-
ordan model designed for use on land [Bird and Rior-
dan, 1986) and the modified version designed for use at
sea [Gregg and Carder, 1990]. The main differences be-
tween these two versions are in the treatment of surface
reflectance and aerosols, and the wavelength intervals
that are used. The two versions were combined to pro-
duce a single model (the BRGC model (see Appendix))
for use between 300 and 700 nm either on land or at
sea.

The model calculates clear-sky irradiance at the
Earth’s surface, £4()), by attenuating extraterrestrial
irradiance through the atmosphere and accounting for
interaction with the surface. The magnitude and spec-
tral characteristics of the attenuation are functions of
the atmospheric constituents, the time of year, and the
solar zenith angle. This study was performed with a
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resolution of 1 nm using data of extraterrestrial irradi-
ance and coefficients of absorption for ozone, oxygen,
and water vapor from Gregg and Carder [1990] and K.
Arrigo (personal communication, 1994). With the avail-
able climatological data (measured hourly), this model
provides clear-sky irradiance at the Earth’s surface with
1 nm resolution for every hour of the day.

The climatological data required by the model in-
clude ozone scale height, surface pressure, surface tem-
perature, dew point temperature, visibility, windspeed,
and 24-hour mean windspeed. Preliminary daily data
of ozone scale height were obtained from the Bedford
branch of Environment Canada (Bedford, Nova Scotia),
which is located approximately 8 km from the site of
our measurements. On days when no measurements of
ozone were available, the mean value for the month was
used. The remaining climatological variables were mea-
sured at least hourly approximately 6 km from the site
of our measurements at Shearwater, Nova Scotia, by
Environment Canada. When these observations were
unavailable, the corresponding measurements of solar
irradiance were not examined.

For the region under study, an air mass type of 2 was
assumed (where a value of 1 applies to marine atmo-
spheres, and 10 applies to urban atmospheres). The
ground albedo was assumed to be spectrally neutral
with a value of 0.2, which is assumed to be represen-
tative of the surrounding area. This is an average of
typical values for soil, concrete, basalt, pinetrees, and
grass in the visible wavelength region [Gueymard, 1995).

5. Measurement-Model Comparison

By comparing the spectral shape of cloudy down-
welling irradiance measured at the Earth’s surface with
the spectral shape of the corresponding modeled irra-
diance for clear-sky conditions, it should be possible to
determine the spectral effect that clouds have on irra-
diance. However, this type of approach makes several
assumptions: (1) that the measured and modeled ir-
radiances are comparable in wavelength and temporal
resolution, (2) that the model results are accurate for
the locality, and (3) that any differences observed are
solely a consequence of the presence of clouds and not
of any other factors, such as poor approximations of
aerosols or instrumental effects. An attempt will be
made to minimize the effects of these assumptions.

The different resolution in wavelength between the
model and the measurements is accounted for by mul-
tiplying the model spectra by the spectral response of
the instrument at each waveband (normalized to have
unit integrals). The different temporal resolutions are
accounted for by comparing the model, based on hourly
climatological observations, with measurements (made
every 10 s) averaged over 10-min periods centered on
the time of climatological data observation.

Comparison between the modeled and measured irra-
diances for three hours on a clear day (Figure 2) shows
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Figure 2. Comparison of irradiances measured under
clear sky conditions (solid lines) with modeled clear-sky
irradiances (dashed lines). The measured data shown
are 10-min averages (centered on the hour) of measure-
ments made on September 27, 1996, from 1000 to 1300
LT. The modeled lines shown are the result of combin-
ing the 1 nm resolution clear-sky model results with
the spectral response of the instrument. See the text
for details of the model.

that the general trends and magnitudes of the measured
and modeled clear-sky irradiances agree, but there are
consistent differences, particularly at 490 nm and from
683 to 700 nm. These differences could be due to either
instrumental effects (i.e., deviations from the idealized
response) or inability of the model to simulate accu-
rately the local conditions because of the presence of
pollution or the use of an inappropriate ground albedo,
for example.

6. Estimation of the Spectral Effects of
Clouds

To determine the spectral effect of clouds on irradi-
ance, the ratios of each of the measured spectra to their
corresponding modeled clear-sky spectra, E4(A)/Eq()),
were calculated. Data were limited to solar zenith an-
gles less than 70°, which is the range of incident angles
for which the instrument cosine response errors are less
than 7% (Figure 1). To remove variations in magni-
tude of the irradiance, all of the ratios were normalized
at 490 nm.

The normalized spectral ratios were then grouped ac-
cording to a cloud factor (C'F), the ratio of E;(490)
to E’d(490), and each group was then averaged (Figure
3). Low values of C"F generally indicate large cloud
volumes, whereas C'F values of one indicate clear sky.
Note that values for CF in the range 1.0-1.2 may be
caused by reflection from the sides of clouds [Nack and
Green, 1974; Segal and Dawis, 1992; Mims and Freder-
wck, 1994], or it may be an indication of discrepancies
between model estimates and measurements at 490 nm
(see Figure 2). The principal result from Figure 3 is that
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the spectra of average ratios tilt with decreasing C'F,
increasing the ratios for shorter wavelengths (within the
95% level of confidence). The case with the lowest val-
ues of C'F' yields values differing from the clear-sky case
by up to almost 25% in the visible, when normalized at
490 nm. Further grouping according to solar zenith an-
gle showed no discernable trends, indicating that the
effects of changes in solar zenith angle on the spectral
cloud effect were minimal for these conditions.

The deviation of the clear-sky case from a flat line
may be a consequence of either instrumental effects
and/or inaccurate modeling [X (A)]. To remove this ef-
fect, each average ratio in Figure 3 (as well as those
not shown) is simply divided by the clear-sky ratio (the
ratio for cloud factors of 1-1.2) in the same figure. This
yields a new set of ratios representing the spectral ef-
fect that different cloud factors can have on irradiance,
with first-order discrepancies between the model and
measurements removed (Figure 4). In this analysis, the
clear-sky case is now spectrally neutral, and the ratios
show the same trends observed in Figure 3; the spectral
shape of the cloud effect tilts with decreasing cloud fac-
tor. Note that this technique of dividing each average
ratio by the clear-sky ratio removes effects such as the
use of an inaccurate ground albedo or air mass type in
the model, so that it reveals only those spectral effects
that are compounded by the presence of clouds.

The spectral cloud effect [SCE(X, CF)] can be pa-
rameterized as a function of the cloud factor (CF), by
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Figure 3. The effect of changes in the cloud factor (the
ratio of measured to modeled irradiance at 490 nm) on
the normalized irradiance ratio. The irradiance ratios
shown are averages of the measured to modeled spectral
irradiance ratios for each cloud factor group, normalized
at 490 nm. The solid lines shown are for cloud factors
in the ranges indicated for all cloud covers. The dot-
ted lines are the 95% confidence intervals of the mean.
The number of spectra averaged in each case shown
were 36 (CF=0.0-0.2; minimum observed was 0.043),
51 (CF=0.4-0.6), and 102 (C'F=1.0-1.2). The number
of spectra in the remaining cloud factor intervals (not
shown) were 58 (0.2-0.4), 42 (0.6-0.8), and 78 (0.8-1.0).
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Figure 4. The spectral effect of different cloud factors
on solar irradiance. Each solid line with solid symbols
is the ratio of each solid line in Figure 3 (and those
not shown) to the solid line in the same figure for cloud
factors of 1.0-1.2 (i.e., approximately clear sky). This
calculation removes the spectral effects caused by inac-
curacies in the model results and by instrumental ef-
fects. The dotted lines with open symbols show the
empirical spectral cloud effect (5) as a function of cloud
factor for values of CF of 0.1, 0.3, 0.5, 0.7, and 0.9.
The symbol shapes for the empirical lines are the same
as the symbol shapes for the corresponding measured
lines. All lines are normalized at 490 nm.

fitting power functions to the solid lines in Figure 4 of
the form:
SCE(A,CF)=a(CF)+bCF)(A/490)"", (2)
where a(CF) and b(C'F) are parameters that are func-
tions of CF and n is the shape parameter. The re-
lationships are confined by two restrictions: (1) SCE
must equal 1 for all wavelengths when CF = 1 and
(2) SCE must equal 1 for all values of CF at a wave-
length of 490 nm. Since the second restriction means
that a(CF)+b(CF) =1, (2) can be reduced to a func-
tion of two parameters:
SCE(MCF)=1—-b(CF)Y+b(CF)(A/490)"™. (3)
Fitting the data and applying the restrictions yielded
the following linear relationship for 4(C F):
b(CF)=10.24(1-CF) (4)
with a coefficient of correlation of greater than 0.99.
The value of n that gave the best fit to the data was 4+
1. Cloud factors of greater than one were approximated

by cloud factors of one for this analysis. Combining (3)
and (4) with the best fit value for n yields

SCE(ACF) =0.7640.24CF+0.24(1—CF)(A/490)~*

(5)
for CF < 1, where A is in units of nanometers. This
empirical relationship is shown by the dotted lines in
Figure 4 for cloud factors of 0.1, 0.3, 0.5, 0.7, and 0.9.
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Comparison of the data to the empirical relationship
shows the worst fit at long wavelengths, possibly be-
cause of the increased contribution from absorption by
water near 695 nm. Refitting the data to the same
type of power law after removing the data points at 700
nm yielded the same parameters within standard error.
This type of function was found to fit the data better
than previously derived linear functions of wavelength
[Siegel et al., 1998] and exponential fits.

7. The Fraction of Cloud Cover

In some cases, local measurements of the cloud factor
may be unavailable, such as in remote locations or for
studies over large spatial areas. A more convenient and
readily available parameter for describing the amount
of cloud cover in such cases is f, the fraction of cloud
cover. Observations of f are routinely made at most
weather stations and can also be made by eye on site
or remotely using a camera. For larger spatial scales,
estimates of f can be made from satellite measurements
of cloud cover. Using a relationship between C'F and
f, it would be possible to parameterize SCE(A, CF) as
a function of f.

A number of previous studies [e.g., Kaiser and Hill,
1976; Kasten and Czeplak, 1980; Frederick and Steele,
1995; Dawis, 1996] have derived relationships between
the ratio of integrated cloudy irradiance (Ecjoudy) to
integrated clear-sky irradiance (E jear) measured over
large bandwidths (e.g., 300-2800 nm [Davis, 1996]) and
the fraction of sky covered by either total cloud or
opaque cloud (for a more comprehensive citation list
see Kasten and Czeplak [1980]). For the purpose of this
study, f will be assumed to be equivalent to the frac-
tion of sky covered by opaque cloud (as given by Davis
[1996]) rather than total cloud. The derived relation-
ships varied in form from linear [Frederick and Steele,
1995} to power functions [Rawser and Hill, 1976; Kasten
and Czeplak, 1980; Dauvs, 1996] of f:

Ecloudy/Eclear =1- O‘fﬁa (6)

where a and 3 are parameters. These relationships im-
plicitly include the effects of cloud thickness and so-
lar zenith angle. A study covering 41 locations within
Canada [Coombes and Harrison, 1987) yielded relation-
ships of similar shape to the nonlinear forms found for
Hamburg, Germany [Rasten and Czeplak, 1980] and
Seattle, Washington [Davis, 1996] (equation (6)).

If it is assumed that the spectral effect of clouds will
have a minimal second-order effect on the magnitude of
Ejoudy (see section 11.2 for a discussion of the effect on
PAR), the ratio E¢joyudy/ Eclear can be approximated by
CF, which is based on irradiance ratios at 490 nm. A
test of this assumption was made on data from Analyt-
ical Spectral Devices, Inc., who made measurements of
spectral irradiance at 1 nm resolution from 350 to 2200
nm on successive clear and cloudy days (A. F. H. Goetz,
Analytical Spectral Devices, Inc., personal communi-
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cation, 1997). The ratio of cloudy to clear integrated
irradiance (0.3103) was found to deviate from the ra-
tio of cloudy to clear irradiance at 490 nm (0.3237) by
4%. Hence, assuming that E(joudy/Eclear Can be ap-
proximated by CF and that the empirical relationship
derived by Davis [1996] for Seattle, Washington (equa-
tion (6), « = 0.674 and @ = 2.854), is applicable to
Halifax, (5) can be expressed as a function of f:

SCE(\, f) = 14+0.16f284[(A/490)"* =1], (7)
where A is in units of nanometers.

The irradiance ratios Eq(\)/E4(\) were divided into
four groups according to the fraction of cloud cover
{clear sky, scattered cloud (less than 1/2 sky covered),
broken cloud (greater than 1/2 sky covered), and over-
cast) after normalizing at 490 nm and then averaged to
determine the accuracy of this parameterization. These
sky conditions were provided by Environment Canada
at Shearwater on an hourly basis. Data from periods
when sky conditions were designated as obscured (such
as by dust) or raining were excluded. Instrumental and
model deficiencies [X(A)] were removed by dividing the
average ratio for each group by the average ratio for
the clear-sky group (as in Figure 4). The comparison
between the spectral cloud effect determined as a func-
tion of cloud cover and measurements showed good cor-
respondence (Figure 5). The excellent agreement be-
tween the derived empirical relationship and the mea-
sured spectral effect of clouds indicates that the rela-
tionship between f and C'F derived from Dawis [1996]
is appropriate for this data set.
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Figure 5. A comparison between the spectral effect
of clouds determined here (solid lines) with the em-
pirical relationship of (7) (dashed lines) for the four
sky conditions (clear sky (open circles), scattered cloud
(triangles), broken cloud (crosses), and overcast (solid
circles)). The chosen values of f used in the empirical
relationship of (7) for each sky condition were 0, 0.25,
0.75, and 1, respectively. Note that the two relation-
ships for clear sky (f = 0) are superimposed along a
straight line.
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8. Comparison with Previous Results

Previous studies have examined the spectral effects of
clouds on downwelling irradiance in the visible [Nann
and Riordan, 1991; Byfield et al., 1997; Siegel et al.,
1998]. Nann and Riordan [1991] derived empirical re-
lationships for the spectral effects based on measure-
ments made in Germany and at three locations across
the United States, compared with a clear-sky model.
The fitted parameters for their nonlinear functions of
wavelength were not published, so their results cannot
be compared quantitatively with ours. However, their
spectral cloud effects do show a nonlinear wavelength
dependence in the visible similar to those presented here
[Nann and Riordan, 1991, Figures 4b and 8]. Siegel et
al. [1998] performed a similar analysis in the western
equatorial Pacific Ocean for 13 wavebands between 340
and 683 nm and found linear relationships between the
spectral cloud effect and wavelength. Their derived em-
pirical relationships are given below:

cl(A,CL) = A(CL)A + B(CL), (8)

where
A(CL) = 0.0015CL(1— CL), (9)
B(CL) = 0.966(CL)*+ 0.0619CL — 0.0389,  (10)

and CL is defined as 1 — (Eloudy/ Eclear). Note that
CL is directly equivalent to 0.674f2 5% based on the
relationship by Dauis [1996] (equation (6)) and approx-
imately equal to 1 — CF. The variable ¢l(A,CL) is
their spectral cloud index, which describes the com-
bined spectral and magnitude effect of clouds on the
downwelling irradiance. A cloudy spectrum can be ob-
tained from ¢/(A, C L) by multiplying the clear-sky spec-
trum by [1 - cl(A, CL)]. The magnitude effect of clouds
is removed from [1 — el(A, CL)] by normalizing at 490
nm.

A comparison of model fits shows that the two types
of relationships show marked differences, particularly
at shorter wavelengths (Figure 6). For example, our
relationship yields a factor of 1.17 at 412 nm for over-
cast skies whereas the Siegel et al. [1998] relationship
yields 1.07 under the same conditions. The differ-
ence between the two relationships may be a conse-
quence of the assumption made for the comparison that
Eloudy/ Eciear = C'F (although it was demonstrated in
section 7 that they differ by only 4%), or to different
cloud types and aerosols present at the two locations
under comparison, or to different ground albedos. In
the same study, Siegel et al. [1998] found that the ra-
tio of irradiance from a plane-parallel cloud radiative
transfer model (SBDART) for cloudy sky to that for
clear sky followed a nonlinear shape in the visible.

Analytical Spectral Devices, Inc., estimated the spec-
tral cloud effect by taking the ratio of cloudy irradi-
ance data to clear-sky irradiance data from the next day
measured using a spectroradiometer at 1 nm resolution
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Figure 6. A comparison between two empirical rela-
tionships and an independent observation of the spec-
tral cloud effect. The empirical relationships shown
are that presented here (equation (5), solid line) and
that derived by Siegel et al. [1998] (equations (8)-(10),
dashed line), for a cloud factor of 0.33. Each empirical
relationship is shown only over the wavelength region
from which it was derived. The dotted line shows the
normalized ratio of two irradiance measurements made
by Analytical Spectral Devices, Inc., using a spectro-
radiometer at 1 nm resolution (data reproduced with
permission). The measurements were made at approx-
imately the same solar zenith angles on adjacent clear
and cloudy days in April 1996 near the border of Ok-
lahoma and Kansas. The value of C'F for their mea-
surements was 0.32. The fluctuations observed in their
ratio below 400 nm may have been caused by calibration
problems (A. F. H. Goetz, Analytical Spectral Devices,
Inc., personal communication, 1997). The symbols on
the Siegel et al. line and on the line from this study in-
dicate the center wavelengths for which measurements
were made.

(near the border of Oklahoma and Kansas) (A. F. H.
Goetz, Analytical Spectral Devices, Inc., personal com-
munication, 1997) (Figure 6). Note that the spectral
cloud effect derived in this way also includes spectral
effects caused by temporal variability of the local clima-
tological parameters. The ratio of cloudy to clear-sky
irradiance at 490 nm for this measurement (equivalent
to CF') was 0.32. This result also clearly shows the non-
linear nature of the spectral effect of clouds, although it
differs in shape from the spectral effect found for Halifax
at the same value of CF. The high-resolution measure-
ments by Analytical Spectral Devices, Inc., show lit-
tle deviation from a smooth function, for wavelengths
shorter than 700 nm. This indicates that although the
empirical relationship presented here was based on data
from only 6 wavebands in the visible wavelength region,
it may provide estimates for the spectral effect of clouds
to within 5% in the intervening wavelength regions. It
also appears that the relationships presented here may
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be valid for wavelengths as short as 350 nm and per-
haps even 320 nm [see Webb, 1991, Table 1; Wang and
Lenoble, 1996; Siegel et al., 1998], although more stud-
ies need to be made in this wavelength region to con-
firm this. Extrapolation beyond 700 nm is not possible
since the spectral cloud effect shows strong variability
at these wavelengths (Figure 6). This is likely caused by
the presence of water absorption bands at these wave-
lengths.

9. A Practical Test

Measurements of downwelling irradiance were made
using the same OCI-200 irradiance meter in the Bering
Sea (near 57°N, 168°W) aboard the R/V Miller Free-
man from April 17-27, 1996. Downwelling irradiance
was measured 6 times per second and averaged over
10-min periods for solar zenith angles less than 70°.
Clear-sky model irradiances were calculated from the
BRGC model using climatological parameters measured
aboard the R/V Miller Freeman and corrected for the
spectral response of the instrument. The climate data
were available only every 3 hours, which resulted in only
14 comparable spectra. All spectra were normalized at
490 nm.

The instrumental and model effects were evaluated
by dividing the irradiance measured during a period
with less than 1/8 cloud cover by the corresponding
clear-sky model irradiance. Note that no clear-sky data
were available for this calculation from the subset of
14 spectra used. Each of the measured spectra were
then divided by this correction spectrum. Figure 7a
shows two comparisons of the spectral shape of the cor-
rected irradiance measurements on a cloudy day with
the clear-sky model. It can be seen that the spectral
shapes differ; the measurements show relatively weaker
attenuation at shorter wavelengths and stronger atten-
uation at longer wavelengths than the irradiances from
the clear-sky model. This is similar to the effect seen in
Halifax under cloudy conditions (Figure 5).

To test the applicability of the parameterization de-
veloped for Halifax to the data from the Bering Sea,
the clear-sky model irradiances were multiplied by the
estimated spectral cloud effects derived for Halifax, and
the resulting irradiances were then compared with the
Bering Sea measurements (Figure 7b). The irradiances
are now closer in shape.

The agreement between the modeled irradiances and
the instrument-corrected measured irradiances can be
evaluated by studying the mean percentage difference
(MPD). This is calculated at each wavelength in the
following manner:

100 , -
MPD(A) = = x Y _[E:(}) — E4W]/E(M). (1)
where F,(A) is the instrument-corrected measured irra-
diance and N is the number of pairs of spectra. An

MPD equal to zero indicates no bias, whereas posi-
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Figure 7. Comparison of irradiance spectra measured
in the Bering Sea for two cloudy periods (solid lines)
with (a) clear-sky model irradiances (dashed lines) and
(b) cloudy model irradiances using the spectral cloud ef-
fect derived for Halifax (dashed lines). The modeled ir-
radiances were corrected for the spectral response of the
instrument, and the measurements were averaged over
10-min periods. Each of the averaged, measured spec-
tra were divided by a correction spectrum to remove re-
maining instrumental effects and model artifacts. Each
of the spectra has been normalized at 490 nm.

tive and negative MPDs indicate negative and positive
model biases, respectively. The MPDs for the clear-
sky model and the cloudy model are shown in Figure
8. The clear-sky model shows a negative bias (positive
MPD) at short wavelengths and a positive bias (neg-
ative MPD) at long wavelengths, reaching magnitudes
of up to 10%. The steady change in bias with wave-
length is an indication of the spectral effect of clouds.
The bias between the cloudy model presented here (de-
rived for use in Halifax) and the Bering Sea data shows
a similar spectral shape; however, its magnitude is al-
most halved. This shows that while the incorporation
of the spectral effect of clouds improved the agreement
between the measurements and the model, the spec-
tral cloud effect determined in Halifax does not fully
explain the irradiance changes observed in the Bering
Sea. Also shown in Figure 8 are the MPDs found if the
linear spectral cloud effect of Siegel et al. [1998] is used
to model the Bering Sea data. The spectral effect of
clouds appears to be a steeper function of wavelength
in the Bering Sea than in Halifax or the western equato-
rial Pacific Ocean. This may be a result of the presence
of different types of clouds in these locations, or it may
be due to differences in ground albedo (see section 10).
Because of the limited number of sets of climatologi-
cal observations available (14), a spectral cloud effect
could not be determined with statistical significance for
the Bering Sea. Local studies of the spectral effects of
clouds should be made if accurate spectral irradiances
are required.
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10. The Roles of Sky Reflectivity and
Surface Albedo

Two causes for the spectral effect of clouds were
introduced earlier: (1) reflection from the surface of
the clouds and the ground and (2) spectral absorp-
tion and scattering by cloud particles and intervening
gas molecules. The former effect is expected to be the
dominant process [Middleton, 1954]; hence it may be
possible to mimic the spectral effect of clouds by us-
ing existing clear-sky models and increasing the sky re-
flectivity within them. This is similar to the approach
taken by Gardiner [1987], who derived a (nonspectral)
model that accounts for the transmission and absorp-
tion of the cloud and multiple scattering between (1)
the clouds and ground, (2) the clouds and sky, and (3)
the sky and ground. Using this model, he showed that
under cloudy skies in Antarctica, deviations in the mag-
nitude of downwelling irradiance can be explained by
deviations in the magnitude of ground albedo. This ef-
fect has also been seen in other studies in polar regions,
where the ground albedo is extremely high [Ricchiazzi et
al., 1995]. This observation has also been used to simu-
late increased irradiance under cloudy skies in a model
by altering the magnitude of the ground albedo [Kylling
et al., 1997] and the sky reflectivity [Atwater and Ball,
1978]. Using a similar approach, sensitivity analyses are
made here of the effects of the magnitude of the sky re-
flectivity and the magnitude and spectral shape of the
surface albedo on spectral downwelling irradiance in re-
gions of relatively low ground albedo (0.02-0.26) using
the BRGC model.

The sky reflectivity [rs(A)] is a function of all of the
climatological parameters input in the BRGC model
[see Bird and Riordan, 1986]. The BRGC model uses
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Figure 8. Mean percentage difference between mod-
eled irradiance and instrument-corrected irradiance
(equation (11)) measured in the Bering Sea as a func-
tion of wavelength for the clear-sky model (dashed line),
the cloudy model derived here (solid line) and the Siegel
et al. [1998] cloudy model (dotted line).
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Table 1. Climatological Variables Used in the BRGC
Model to Study the Effects of Variations in Sky
Reflectivity and Ground Albedo on

Downwelling Irradiance and the

Effects of Clouds on Estimates

of Biological Properties in

the Ocean.
Variable Value

Day of year 150
Longitude 63°W
Latitude 45°N
Solar zenith angle 30°
Pressure 1013 mbar
Relative humidity 70%
Water vapor concentration 4 cm™!
Visibility 30 km
Windspeed 26ms™?
Mean 24-hour windspeed 26ms™!
Ozone 300 DU
Air mass type 2
Surface type land

These are typical values for Halifax, Nova Scotia.

the product of r,(\) and the ground albedo [rg(A)] to
derive the downwelling irradiance resulting from multi-
ple air-ground interactions. Note that these two quan-
tities are not independent; changes in the fraction of
diffuse to direct irradiance caused by clouds can change
the magnitude of the ground albedo [see Bukata et al.,
1995].

First, assuming a spectrally neutral ground albedo,
clear-sky downwelling irradiance was calculated for in-
creasing magnitudes of r,()) using the climatological

variables in Table 1. The magnitude of r,(A) was in-

creased uniformly over all wavelengths by up to 6 times
its clear-sky magnitude. This has the same effect on
calculations of irradiance as increasing the magnitude of
the ground albedo. A typical value for r,(A) under clear
sky [rsc(A)] at the wavelength of maximum sky reflectiv-
ity, 350 nm, is 0.35. Since the product r,(A)ry(A) under
cloudy sky conditions must be less than 1, the value that
this product can be increased by is limited to less than
14 for a ground albedo of 0.2 (14 x 0.35 x 0.2 = 1).
Ratios of each of the resulting irradiance spectra to
the irradiance spectrum for sky reflectivity under clear
sky were then calculated (Figure 9). Figure 9 shows
a close resemblance in the visible to the spectral cloud
effect derived here (Figure 4) and to that derived from
the SBDART cloudy model by Siegel et al. [1998] at
all wavelengths shown. The fluctuations in the spec-
tral shape near 553, 590, 650, and 700 nm correspond
to similar fluctuations found in the Analytical Spectral
Devices, Inc., ratio which was based solely on measure-
ments (Figure 6). The change in the spectral shape
near 330 nm has also been seen in some previous studies
[Webb, 1991, Table 1; Wang and Lenoble, 1996; Siegel
et al., 1998]. However, note that this effect was not
observed in measurements made by Seckmeyer et al.
[1996, Figure 3]; this may have resulted from the ozone
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correction factor that they used which may have over-
corrected their results.

Spectral variations in the downwelling irradiance mea-
sured at the ground result not only from ground-cloud
reflections but also from cloud-sky reflections [Kylling et
al., 1997]. Assuming that reflection from the cloud top
is spectrally neutral, Figure 9 also represents the effect
of increasing cloud-top albedo on downwelling irradi-
ance. These results are consistent with the hypothesis
that the spectral effect of clouds may be almost entirely
a consequence of reflection from the cloud surface and
ground, rather than from spectral variations caused by
the passage of irradiance through cloud. It also yields
the potential for direct incorporation of the spectral ef-
fect of clouds into clear-sky models.

A relationship between C'F and the magnitude of
the multiplication factor for the sky reflectivity used,
[rs(A)/7sc(A)], was derived by finding the best fit of the
irradiance ratios (Figure 9) to the spectral cloud effect
for Halifax (Figure 4), assuming a relationship for r, ()
of the form:

rs(A) = rsc(A)[1 + ¢(1 — CF)], (12)

where ¢ is a parameter. The best-fit value for ¢ for
the Halifax data using a ground albedo of 0.2 was 8 +
2. A comparison of the irradiance ratios derived us-
ing this value for ¢ with the spectral cloud effect mea-
sured in Halifax for six ranges of C'F is shown in Figure
10. This method shows reasonable ability to predict the
spectral effect of clouds provided that a local parame-
terization for the relationship between r,(A) and C'F is
known. Since the above relationship is an empirical one,
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Figure 9. Variations in the ratio of clear-sky down-
welling irradiance with enhanced sky reflectivities to
that with normal sky reflectivity as a function of wave-
length. The sky reflectivities were increased by factors
of 1 to 6 using steps of 0.5. The irradiances were cal-
culated using the BRGC model with the climatological
parameters in Table 1 and a spectrally neutral ground
albedo of 0.2. The sharp decrease in the irradiance ratio
below 320 nm is caused by ozone absorption.
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Figure 10. Comparison between the spectral cloud ef-
fect measured in Halifax at five wavebands (circles) with
that estimated by changing the magnitude of the sky
reflectivity in the BRGC model (lines). The measure-
ments shown are for values of CF in ranges of 0.0-0.2,
.., 0.8-1.0. The lines were calculated using a derived
empirical relationship for r,(A) in the BRGC model
(equation (12}) for values of CF of 0.1, 0.3, ..., 0.9, and
1.0. Each line is the ratio of the downwelling irradiance
for each value of CF to that for clear sky (CF = 1).
Only five wavebands were compared; the sixth at 699.5
nm showed poor agreement with the model results and
hence was not used in the derivation of (12).

it implicitly incorporates the effects of multiple scatter-
ing between the ground, clouds, and sky (for a model
that incorporates these effects explicitly, see Gardiner
[1987]).

A sensitivity analysis of the effect of spectral vari-
ations in the ground albedo was performed by using
the spectral albedo for concrete and its mirror image
(Figure 11). The ground albedo of concrete was cho-
sen as it may be representative of the Halifax region
and because it has a relatively simple shape in the vis-
ible region; it increases almost linearly with increasing
wavelength. Note that the mirror image has a similar
spectral shape to the albedo (or irradiance reflectance)
of open ocean water but differs in magnitude by a factor
of approximately 10.

Using the spectral albedo for concrete, the irradiance
ratio was recalculated using the empirical relationship
of (12) for a value for C'F of 0.1. In comparison to the
case assuming a spectrally neutral ground albedo of 0.2
(Figure 12), the ratio for the spectral albedo of concrete
shows less variation with changes in ('F', in spite of the
increased albedo (mean of 0.26). This raises two points:
first that relationships derived for r,(A) as functions of
CF depend on the chosen ground albedo and second
that a ground albedo that increases with wavelength
in the visible region tends to counteract the effects of
increasing sky reflectivity. The opposite effect is seen
when the mirror image of the spectral albedo of concrete
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(Figure 11) is used (Figure 12). This spectral shape for
ground albedo enhances the effect of increased sky re-
flectivity. However, the magnitude of the ground albedo
1s also important, as demonstrated using the spectral
albedo of open ocean water whose magnitude is signifi-
cantly lower than that of concrete (with a mean of 0.02).
For this sensitivity analysis, the BRGC model was run
using a ground type of land. When the appropriate
ground type of water is used in the BRGC model, the
deviation in the irradiance ratio from a clear-sky case is
even less. The discrepancy observed between data from
the Bering Sea, data from the equatorial Pacific and the
spectral cloud effect derived for Halifax (Figure 8) may
be caused by the difference in surface albedo between
locations. Hence knowledge of the spectral shape and
magnitude of the ground albedo is essential for accu-
rate modeling of the spectral effect of clouds (using this
method) as well as downwelling irradiance. Note that
the method presented in section 6 to derive the spectral
cloud effect for Halifax did not depend on an accurate
choice for the ground albedo because of the correction
ratio used.

In the approach presented here, we replaced the clear-
sky reflectivity [rs.(A)] in a clear-sky model with a sur-
rogate sky reflectivity [r;(A)], which is a linear function
of r4.(A) and the cloud factor (C'F). Our results demon-
strate that by using this approach, clear-sky models can
be used to yield the spectral shape of downwelling ir-
radiance in the presence of clouds. However, when the
magnitude of the sky reflectivity in a clear-sky model is
increased, the magnitude of the calculated downwelling
irradiance also increases. To correct for this effect, the
resulting “cloudy” irradiance must be normalized at 490"
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Figure 11. Spectral albedos for concrete (solid line)
from Gueymard [1995], its mirror image about 490 nm
(used for a sensitivity analysis) (dashed line), and for
open ocean water near Cuba (see Morel and Prieur
[1975], their Discoverer station 10) (dotted line). For
the water albedo, a value of 0.00159 was assumed be-
yond 615 nm. Note that the water albedo has been
multiplied by a factor of 10 in the figure.
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Figure 12. The effect of changes in the spectral shape
and magnitude of the ground albedo on the ratio of
irradiance under enhanced sky reflectivity to that un-
der clear-sky reflectivity. In each case, the sky reflec-
tivity was increased by a factor of 8.2, as determined
by (12) for Halifax (¢ = 8) under overcast conditions
(CF = 0.1). The ratio of the modeled irradiance un-
der the enhanced sky reflectivity to that for clear-sky
reflectivity (C'F = 1) is shown for four different ground
albedos: a spectrally neutral surface with an albedo of
0.2 (solid line), concrete (dashed line), the mirror im-
age of concrete about 490 nm (dotted-dashed line), and
open ocean water (dotted line). Each of the irradiance
ratios were normalized at 490 nm.

nm to either (1) the value of E4(490), if measured, or
(2) the magnitude of the irradiance expected for clear-
sky conditions at 490 nm, and subsequently corrected
for cloud magnitude effects (e.g., (6)). This yields the
magnitude and spectral shape of downwelling irradiance
in the presence of clouds using a clear-sky model.

11. Biological Implications

In situ measurements of radiance and irradiance are
often used to determine certain biological properties
in the ocean, such as the concentration of chlorophyll
a. Often these estimates are made without knowl-
edge of spectral variations in the downwelling irradiance
[Mueller, 1986; Cullen et al., 1994; Abbott and Letelier,
1997]. The effect of spectral variations in the down-
welling irradiance, such as those caused by the presence
of clouds, on the estimation of several biological prop-
erties and bio-optical properties at the sea surface is
examined here. The properties studied include chloro-
phyll concentration as estimated from measurements of
water-leaving radiance, PAR, and PUR.

11.1. Chlorophyll Concentration

The chlorophyll concentration at the sea surface is
often estimated using empirical relationships between
C and spectral ratios of reflectance at the sea surface,
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R(A) [Morel, 1980}, or ratios of water-leaving radiance
at the sea surface, Ly (\) [Gordon et al., 1983]. Since
the ocean color is itself a function of the incident ir-
radiance, knowledge of the spectral distribution of the
downwelling irradiance is essential. The following anal-
ysis demonstrates the errors involved in estimates of C
from in situ or aircraft measurements of L,, (A) if spec-
tral variations in the downwelling incident irradiance
are ignored. One application of this analysis is the cor-
rection of measurements made by in situ moorings and
drifters that are used to monitor variations in C under
cloudy conditions when satellite measurements are not
available. Note that this analysis may also apply to
satellite measurements of ocean color, since clouds in
neighboring pixels may affect the measurements from
clear-sky pixels.

Water-leaving radiance can be converted to reflectance
using the relationship

R(A) = QA}Lw (A)/ Ea(X), (13)

where Q(A) is the ratio of upwelling irradiance to up-
welling radiance. Assuming that the wavelength depen-
dence of Q(A) is negligible (but see Morel and Gentili
[1993, 1996]), the ratio of reflectance [r,, = R(A,)/R(A;)]
can be expressed as

ri; = lij/ej, (14)
where [;; is the ratio of water-leaving radiances and
e;; is the ratio of downwelling irradiances. Combin-
ing a clear-sky irradiance spectrum, calculated using
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Figure 13. Percentage difference between C estimated
assuming spectral cloud effects and C' assuming a clear-
sky spectral shape for the irradiance using the same
radiance ratios as a function of the fraction of cloud
cover. A positive percentage difference indicates that if
the spectral cloud effect is ignored, C is underestimated.
The algorithm used to estimate C' was a function of the
ratio of water-leaving radiances and the ratio of down-
welling irradiances at 440 and 560 nm (see text).
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the BRGC model with the parameters listed in Table 1
for an air mass type of 1 and an oceanic surface type,
with the spectral effect of clouds (equation (7)), irradi-
ance ratios for different cloud covers can be calculated
and hence r,, can be estimated for a range of radiance
ratios. Using the reflectance ratio algorithm of Morel
[1980] for open ocean (case 1) waters, C' can then be
estimated for these different sky conditions:

C = 1.92[R{440)/R(560)]~* 8. (15)
The percentage difference between C estimated incor-
porating the spectral effects of clouds and C estimated
assuming a spectral shape for clear sky using the same
radiance ratios is shown as a function of cloud cover
in Figure 13. The percentage difference increases with
increasing cloud cover up to over 30% for overcast con-
ditions. In other words, if the spectral effects of clouds
are ignored, C will be underestimated by up to 30%
under cloudy skies using this algorithm. Hence the re-
flectance ratio is a strong function of the spectral shape
of the downwelling irradiance. Note that the maximum
percentage difference (in this case 30%) depends on the
algorithm(s) used to estimate C and may vary as a func-
tion of C if different algorithms are used to describe
different regions of the ocean. Also, note that the effect
of clouds on estimates of C' may be particularly signifi-
cant during periods of scattered cloud, where the cloud
effect can vary of the order of minutes depending on
the location of the clouds in reference to the line-of-site
of the sun [Cullen et al., 1994]. Algorithms that relate
ratios of Ly (A) to C directly [e.g., Gordon et al., 1983]
implicitly include the effects of spectral variations in
the downwelling irradiance, and, for satellite imagery,
the measurements are only made under clear skies (al-
though neighboring pixels may be cloudy). Estimates
of C from measurements of L, (A) at the sea surface
and from aircraft and satellites may be improved by ex-
plicitly accounting for spectral variations in the down-
welling irradiance caused by clouds.

11.2. PAR

Photosynthetically available radiation is the integrat-
ed irradiance over the wavelength range 400-700 nin,
the range over which plants, such as phytoplankton,
typically utilize absorbed light for photosynthesis. PAR
is often used as a measure of irradiance available for
photosynthesis. The spectral effect of clouds on PAR is
examined here by using a general irradiance spectrum
at the sea surface (using nominal input values in the
BRGC model: Table 1 with an air mass type of 1 and
an oceanic surface type) and altering the spectral shape
using the empirical relationship derived here (equation
(7)) for values of f from 0 to 1. PAR is calculated by in-
tegrating the irradiance, in units of mol m=? s~! nm™1!,
for each value of f used. PAR calculated using spectral
cloud effects was found to be less than that assuming
no spectral effects by a maximum of 3.8% for overcast
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skies. In other words, PAR can be estimated to within
3.8% of the actual value under all cloud conditions by
assuming a clear-sky spectral shape for the irradiance.
Hence, since the spectral effects of clouds on PAR at
the sea surface are relatively small, they can in most
cases be neglected.

11.3. PUR

Photosynthetically usable radiation describes the frac-
tion of incident radiation that can be absorbed by phy-
toplankton. It is an integral component in models of
primary production [e.g., Kiefer and Mitchell, 1983;
Morel, 1991]. This factor is described by the following
relationship [Morel, 1978, 1991]:

700

PUR(z) = / Eo(A, 2)a’ g (A)dA, (16)

400

where E,(A, 2} is the scalar irradiance at depth z and
a’;h(/\) is the specific absorption coefficient of phyto-
plankton normalized at the maximum value of absorp-
tion [from Hoepffner and Sathyendranath, 1993]). The
coefficient a’;h(x\) has a spectral shape that generally
shows strong absorption over a broad wavelength re-
gion near 440 nm and a relatively weaker absorption
peak over a smaller region near 670 nm.

The value of E (), z) was recalculated for different
values of f at the sea surface, to determine the effect of
spectral variations in the irradiance on PUR(0). Esti-
mates of PUR(0) were found to be underestimated by
about 1% under overcast conditions when the spectral
effects of clouds were neglected. Hence PUR(0) varies
by less than 1% under changing cloud conditions.

12. Summary

Autumn clouds over Halifax, Nova Scotia, were found
to attenuate the downwelling solar irradiance according
to the relationship a(C'F or f) + b(CF or f)(A/490)~*
in the visible. This relationship differs from both the
linear relationship found in the western equatorial Pa-
cific Ocean [Siegel et al., 1998] and the stronger spectral
effect found for clouds in the Bering Sea. Hence the
spectral effect of clouds appears to be site-dependent
and may be a function of a combination between the
cloud type (or color) and the ground albedo. It was
shown that the spectral cloud effect can be mimicked
by using a clear-sky irradiance model and varying the
magnitude of the sky reflectivity. This effect was found
to be a strong function of the magnitude and spectral
shape of the ground albedo. Further study of the abil-
ity of this method to accurately represent the spectral
effect of clouds in the ultraviolet and visible regions is
necessary. Similar studies at a range of locations are
also necessary before a general model describing the
spectral effect of clouds (perhaps as a function of at-
mospheric type, season, and surface albedo) can be at-
tempted. A general model would be of great benefit
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to studies where local estimates of the spectral effect of
clouds is impractical. One application of these results is
improved accuracy in estimates of biological properties
from in situ optical measurements, particularly those
that use algorithms based on wavelength ratios.

Appendix: The BRGC Model

Clear-sky irradiances were modeled in this study us-
ing a combination of the Bird and Riordan model [Burd
and Riordan, 1986] and a modified form of this model
by Gregg and Carder [1990]. The additions and changes
made to these models are outlined briefly here.

Several extra equations were incorporated in the
BRGC model to derive necessary parameters from avail-
able data. These included expressions to derive (1) the
relative humidity from the pressure, temperature, and
dewpoint temperature (based on Lowe [1977]) and (2)
the water vapor concentration from dewpoint tempera-
ture [Atwater and Ball, 1976].

Slight modifications were made to some of the equa-
tions given by Gregg and Carder [1990]. These included
(1) replacing the constant 118.3 by 118.93 in their equa-
tion for the transmittance due to oxygen absorption
(their equation (18)), (2) removing the extra factor of
1/2 appearing within the brackets of their equation for
Fresnel’s law (their equation (44)), (3) adding an ex-
pression for multiple sea-air interactions based on the
method used by Burd and Riordan [1986], and (4) in-
corporating the correction factor for scattered irradi-
ance derived by Bird and Riordan [1986] (their equation
(28)). The first of these modifications is based on close
examination of Leckner’s [1978] derivation of this equa-
tion, which appears to have a typographical error in the
final result. The last two modifications were made in
an attempt to increase the accuracy of the model, by
accounting for two factors that were not included in the
Gregg and Carder model.

The BRGC model was designed with an option for
choosing calculations applicable to land or water sur-
faces. The water calculations followed the equations by
Gregg and Carder [1990] (apart from the slight modi-
fications outlined above). The land calculations were
performed by calculating the following parameters us-
ing the relevant relationships from Bird and Riordan
[1986]: (1) the single scattering albedo and (2) the in-
fluence of multiple ground-air interactions. A further
difference between the ocean and land calculations is
the air mass type input into the model.

Notation

N-D indicates a dimensionless parameter.

a(CF) parameter for SCE(X, CF) (N-D).

a’;h(/\) normalized specific absorption
coefficient of phytoplankton (N-D).

A(CL) parameter for cl(\,CL) (nm™1!).

b(CF) parameter for SCE(X, CF) (N-D).
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parameter for c/(A, CL) (N-D).
combined Bird and Riordan [1986]
model with the Gregg and Carder
[1990] model.

B(CL)
BRGC model

c parameter in the equation for r,(A)
(N-D).

cl(A, CL) spectral cloud index (N-D}.

C chlorophyll concentration (mg m=3).

CF cloud factor [Eq(490)/ E4(490)]
(N-D).

CL cloud index [1 — E¢joudy/ Eclear)
(N-D).

€y ratio of downwelling irradiances
[Ea(\)/Ea(X)] (N-D).

E lear (w1de band) clear sky irradiance
(W m~2).

Edloudy (w1de band) cloudy irradiance
(W m~2).

Ea(A f) measured downwelling irradiance
under cloudy sky (uW cm™2 nm™1).

E4(N) modeled downwelling irradiance
(kW cm~2 nm™Y).

Ei(X) normalized instrument-corrected
measured irradiance (N-D).

o{A. z) scalar irradiance

(mol m~? nm~1! s71).

f fraction of sky covered by cloud
(N-D).

L ratio of water-leaving radiances
[Luw(Ai)/Luw(Aj)] (N-D).

Ly (A) water-leaving radiance
(W m~2 nm~! sr~1).

MPD(X) mean percentage difference (%).

n exponent for SCE(A, CF) (N-D).

N number of pairs of spectra (N-D).

PAR photosynthetically available radiation
(mol m~2 s71).

PUR(z) photosynthetically usable radiation
(mol m~2 s71).

QN ratio of upwelling irradiance
to upwelling radiance (sr).

rg(A) ground albedo (N-D).

rij ratio of reflectances
[R(M)/R(,)] (N-D).

7s(A) sky reﬂect1v1ty (N-D).

rse(A) sky reflectivity for clear sky (N-D).

R(A) irradiance reflectance (N-D).

SCE(A,CF) spectral cloud effect (N-D).

X(N) instrumental and/or local effect on
irradiance measurements (N-D).

2 depth (m).

a parameter for Egoudy/ Eclear (N-D).

J¢] parameter for Eqjoudy/ Eclear (N-D).

A wavelength (nm).
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