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Biogenic particulate material in sea ice can substantially influence the spectral irradiance within the ice 
sheet and underlying seawater. In order to simulate accurately seasonal changes in light conditions in situ, 
the biomass changes of the sea ice microbial community must be considered. Here we attempt to provide 
an improved description of the optical regime within sea ice by combining information provided by mod- 
els of radiative transfer in sea ice and snow and models of solar spectral irradiance with formulations de- 
scribing the attenuation of spectral irradiance by particulates observed in sea ice in McMurdo Sound, 
Antarctica. Emphasis has been placed on the role of biogenic particles in visible light attenuation with 
the intent of developing a bio-optical model that more rigorously describes their influence on radiative 
transfer processes as they occur in nature. Model resulfs simulating seasonal changes in both photosyn- 
thetically active radiation and its spectral distribution agree well with measured under-ice spectral irradi- 
ance. Results reveal how changes in microalgal concentrations, as well as their photophysiological char- 
acteristics influence both the quantity and quality of downwelled light in sea ice and in the upper layers of 
the ice-covered oceans. 

INTRODUCTION 

Radiative transfer models describing the wavelength-depen- 
dent optical properties of Arctic snow and congelation ice have 
greatly aided the study of heat and mass balance in the polar re- 
gions as well as furthered our understanding of light distribu- 
tion through the ice sheet [Perovich and Grenfell, 1982; 
Grenfell, 1983; Grenfell and Perovich, 1986]. Maykut and 
Grenfell [1975] also recognized the potential importance of 
these models to the understanding of primary productivity in 
ice-covered oceans. The usefulness of most radiative transfer 

models is limited, however, by their assumption of structural 
homogeneity and exclusion of particulate absorption. Here we 
combine information provided by existing radiative transfer 
models with a detailed treatment of the effects of biogenic par- 
ticles on visible light attenuation in sea ice. The goal is to de- 
velop a bio-optical model which can account for seasonal 
changes in the physical, chemical, and biological processes 
influencing radiative transfer in sea ice. 

Tim • CAS• 

The magnitude of downwelling spectral irradiance at a given 
depth within a structurally homogeneous medium depends upon 
surface reflection of direct and diffuse incident irradiance as well 

as attenuation within the medium: 

Ea(z,)O = Ea(0,)0 e (-Kd(•.)z) (1 a) 

1Also at Department of Biological Sciences, University of Southern 
California, Los Angeles. 
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and 

E,/(O,)O = (1-Rsun(O,)O)Eusun(O,)O + (1-Rsky(O,)•))Edsky(O,)•) (lb) 

where Ea(z,•,) is the spectral irradiance (I.tEin m-2 s-1 nm-1) at 
depth z (m) and wavelength )• (rim), Ea(0,) 0 is the spectral irra- 
diance at the sea ice surface, R(0,)0 is the specular reflection at 
the sea ice surface (0-1) with the subscripts sky and sun denot- 
ing the diffuse and direct components, and Ka(•,) is the bulk dif- 
fuse spectral attenuation coefficient (m-l). Because sea ice un- 
dergoes dramatic temporal and spatial changes in its physical 
[Cox and Weeks, 1975, 1986] and biological [Bunt and Lee, 
1970; Palmisano and Sullivan, 1983] characteristics, there is 
no single value of Ka(•,) that adequately describes the optical 
properties of sea ice and snow under all conditions. Rather, 
this coefficient changes with both physical and biological 
processes that occur within the snow and ice cover [Maykut and 
Grenfell, 1975]. The diffuse attenuation coefficient for sea ice 
is dependent upon absorption and scattering properties which 
vary with bubble density, brine volume, and particle type and 
concentration. To account for these variations, more detailed 

formulations for K•00 within the ice sheet have been adopted 
in the present model. Only a brief description of these pro- 
cesses will be provided here; specific formulations can be found 
in Table 1. 

THE MODEL 

Formulations relating radiative transfer in particle-free sea 
ice and snow to their physical structure are derived from exist- 
ing theoretical radiative transfer models [Perovich and 
Grenfell, 1982; Grenfell, 1983; Grenfell and Perovich, 1986] 
and from spectral irradiance data collected in both Arctic and 
Antarctic regions. It is assumed that data collected from the 
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10,582 ARRIGO ET AL.: BIO-OPTICAL MODEL OF SEA I(:E 

TABLE 1. Coefficients Used in the Bio-optical Model to Define the Optical Parameters for the Ice Sheet 

Variable Comment Regression Equation R2 Data Source 

Kds(•) dry snow 104 - 0.38•, + 4.248 x 10 -4 •,2 0.96 Grenfell and Maykut [1977] 
wet snow 72.36 - 0.27•, + 2.883 x 10 '4 •,2 0.98 Grenfell and Maykut [1977] 

Rsun(0,)• ) 0 < 1.4 (1.8736 x 10 '2) 10 0.153160 0.99 Kirk [1983] 
> 1.4 (3.6779 x 10 '4) 10 0.15050 0.96 Kirk [1983] 

K4,('K) fresh ice 0.092- 3.522•, x 10 -4 + 3.632 x 10- 7 •,2 0.97 Grenfell and Perovich[1981] 
K&{z,)•) eutectic (<-21øC) 65.114 - 0.23551•, + 2.3078 x 10 -4 •,2 0.97 Perovich [1979] 
Kdi(Z,)•) vs brine volume K4e(•) + Vbb 0.94 Grenfell [1983] 
b superscript in Vbb 4.31 - 0.0213)• + 3.66 x 10 -5 )•2+ 1.98 x 10 '8 )•3 0.92 Grenfell [1983] 
Kd/p•) platelet ice 3.5233 - 1.83 x 10 '2 )• + 3.29 x 10 '5 )•2.1.81 x 10- 8 )•3 0.93 this study 

Equations were obtained from least-squares regression of data from sources shown. Kds(•), Kdj(Z,)•), Kd/(•), and Kd/t,(• ) are the diffuse spectral 
attenuation coefficient for dry snow, freshwater ice, congelation ice, and platelet ice, respectively (m -1), Rsun(0,)• ) i•the specular reflection at the 
sea ice surface (unitless), 0 is the solar zenith angle (radians). 

Arctic is directly applicable to the Antarctic. Strictly speak- 
ing, this is probably not the case, especially for pack ice 
which is generally thinner [Thorndike et al., 1975] and less 
saline [Wadhams, 1986] in the Antarctic than in the Arctic. 
However, fast ice sampled in McMurdo sound was found to be 
structurally similar to Arctic fast ice, including its tendency to 
horizontal C axis orientation, although it was also slightly 
less saline [Wadhams, 1986]. Fortunately, differences in sea 
ice salinity and ice thickness between fast ice types in the two 
regions are minor and have been accounted for in the present 
model. 

Atmospheric Spectral Irradiance, Ed( /•) 

By coupling equations estimating solar declination 
[Spencer, 1971] and solar elevation [Kirk, 1983] to a simpli- 
fied spectral atmospheric irradiance model [Brine and lqbal, 
1983], a time-and-latitude-dependent algorithm has been de- 
veloped which predicts both the direct and diffuse components 
of spectral irradiance within the visible range (400-700 nm). 
To obtain spectral irradiance at the sea ice surface, the resulting 
prediction of spectral irradiance is adjusted to account for cloud 
cover [Reifsnyder and Lull, 1965]. 

Specular Reflection, R(O,YC) 

Reflection occurs at the interface of two media with different 

refractive indices. The refractive index for air, ice, and water 
are 1.00, 1.31, and 1.33, respectively. Because the refractive 
indices of ice and water are so similar, R(0,)•) is negligible at 
the interface of these two media. This is not true for air/ice, 
however, and under diffuse sky conditions the value for 
Rsky(0,)0 is 0.05 [Perovich and Grenfell, 1982], with no spec- 
tral dependence within the visible. In the model Rsun(0,) 0 is 
assumed to be a function of solar zenith angle in a manner 
analogous to that observed for a flat ocean surface 
[Preisendorfer, 1976], varying from 0.02 to 1.00. 

Spectral Diffuse Attenuation of Snow, Kds(/• ) 

Light attenuation by snow is a function of absorption and 
volume scattering; the former determines wavelength depen- 
dence and the latter dominates the magnitude of attenuation. 
Due to the highly scattering nature of individual snow grains, 
the spectral attenuation coefficient of snow (15 to 20 m-1 at 
470 nm) is often an order of magnitude higher than that of ice 
(1.5 to 2.0 m -1 at 470 nm) [Grenfell and Maykut, 1977]. 
Observations indicate that K•()•)is proportional to snow grain 

size, which varies with age [Stephenson, 1967], and inversely 
proportional to snow density and water content [Perovich et 
al., 1986]. The bio-optical model makes no attempt to account 
for snow grain metamorphism and assumes that the snow pack 
is composed of large, densely packed grains. Changes in the 
liquid water content of the snow pack will be accounted for, 
however, since Kds()0 for wet snow is about half that observed 
for dry snow [Grenfell and Maykut, 1977]. 

Spectral Diffuse Attenuation of Congelation Ice, Ka(z,/•) 

The diffuse attenuation coefficient of sea ice, Ka()•), varies 
with depth and is related to ice type (congelation or platelet), 
brine volume (a function of temperature and sea ice salinity), 
bubble density, as well as particle concentration and type 
(described below). In the model, bubble density is assumed to 
remain constant (0.86 g cm-3), and the diffuse attenuation coef- 
ficient for particle-free sea ice, Kcli(Z,•,), varies only as a func- 
tion of brine volume. We used the relationships between 
Kdi(Z,•,) and sea ice temperature and growth rate given by 
Grenfell [1983] to approximate the relationship between 
Kdi(Z,•,) and brine volume (Figure 1). This was achieved by 
converting ice growth and temperature data to brine volumes 
using equations given by Cox and Weeks [1983, 1986]. 
Because of the small data set and lack of resolution at low brine 

volumes, it is difficult to determine the precise relationship be- 
tween Kd/()•) and brine volume in this way. However, based 
upon low values for Kd/() 0 determined for bubble and brine-free 
polycrystalline ice [Grenfell and Perovich, 1981] and higher 
but relatively constant values determined for bubble-free sea ice 
with brine volumes greater than 40 ppt [Grenfell, 1983] there 
appears to be a rapid, nonlinear increase in Kdi()•) in response 
to rising brine volume. Consequently, the relationship given 
in Table 1 and illustrated in Figure 1 was chosen. This is some- 
what inconsistent with other results from Grenfell [1983] 
which indicate that Kd/()0 declines slightly as the sea ice waxms 
(and brine volume increases). However, the calculated brine 
volumes were all quite high (40-110 ppt) for these cases, and 
changes in Kd/()0 were relatively small. 

Special consideration must be given to eutectic ice. As the 
temperature of sea ice drops below the eutectic point (-21øC) 
and solid salts form, Kdi(Z,•,) at 470 nm increases dramatically 
from less than 1 m -1 to about 5 m-1. The change at 700 nm is 
even more pronounced, increasing from 2 m-1 to more than 13 
m-1 below the eutectic point [Perovich, 1990]. Because the in- 
crease in Kcli(Z,)•) is more than enough to mask changes in any 
other sea ice parameter, as the ice drops below the eutectic 
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Fig. 1. The relationship between brine volume (parts per thousand) and 
diffuse attenuation, Kdi(•, ) for pure sea ice used in the bio-optical 
model. Data points for brine volumes greater than 40 ppt are derived 
from Grenfell [1983]. Brine volumes were determined using sea ice 
salinity, growth rate, and temperature provided by Grenfell [1983] for 
each model run with equations relating these variables to brine volume 
from Cox and Week• [1983]. Data points for brine volume = 0 ppt are 
from Grenfell and Perovich [ 1981]. 

point, other changes in sea ice brought about by low tempera- 
ture will be ignored. 

The Spectral Diffuse Attenuation of Platelet Ice, Km•,(z,3.) 
Platelet ice is a layer of loosely consolidated disk-shaped 

crystals, roughly 1 mm thick and 10 cm in diameter, commonly 
found beneath congelation ice in McMurdo Sound and in other 
ice-covered regions near ice shelves [Lewis and Weeks, 1970]. 
Due to their spacing and random orientation, there is a large 
amount of seawater (80% of total layer volume) between ice 
platelets [Bunt and Lee, 1970]. Since a large proportion of the 
biological community resides in this layer, either attached di- 
rectly to the ice platelets or suspended in the interstitial seawa- 
ter (K. Arrigo, unpublished data, 1989), the optical properties 
of this layer must be considered. 

The diffuse attenuation coefficient, K•lip(z), as well as the 
spectral diffuse attenuation coefficient, Kdip(z,3.), were esti- 
mated for a 0.7-m platelet layer in McMurdo Sound on 
November 21, 1989. A Biospherical Instruments MER 1010 
spectroradiometer was positioned beneath the platelet ice 
where both E•l(Z,)O and E•z) (irradiance integrated from 400 to 
700 nm, referred to as photosynthetically active radiation, or 
PAR), were recorded as the instrument was raised vertically 
through the lower 0.5 m. The upper 0.2 m layer of platelet ice 
was excluded from this analysis due to the high chlorophyll a 
(chl a) concentration found there, while the lower 0.5 m ap- 
peared to be free of significant particulate contamination (<1 
gg chl a L-I). By regressing In [E•I(z)/E•I(O)] against depth 
(where Ea(0) is the downwelling irradiance at the shallowest 
depth where measurements were obtained), Kdie(z ) was esti- 
mated to be 0.4 m -1 (Figure 2). This is approximately one third 
the value of 1.5 m-! typically obtained for congelation ice in 
the same area. Due to low spectral sensitivity of the spectrora- 
diometer, a similar regression approach could not be used with 
the spectral data. Instead, values for Kdi•,(z,•) were estimated 
from spectral irradiance measured at the extreme upper and 
lower boundaries of the particle-free platelet ice using the equa- 
tion 

2.6 

2.7 

2.8 

2.9 

3.0 

3.1 

In (Ed (z) / Ed (0)) 
-0.3 -0.2 -0.1 0.0 O. 1 0.2 

ß i ß i , i ' • i , ß 

y=-0.43x+1.12 R 2=0,767 * 7 

Fig. 2. Plot of In [Ed(z)/Ed(O)] versus depth in the platelet ice. Ed(z ) is 
the downwelling irradiance at depth z and Ed(0 ) is the downwelling irra- 
diance at the shallowest depth where measurements were obtained. The 
negative slope of the regression (-0.43) provides an estimate of the 
average attenuation coefficient, Kdb,(z). Data collected from McMurdo 
Sound, Antarctica, on November 21, 1989. 

• Ea(z,M 
= t. X) 

where E•z,3.) and E•z+Az,3.) are the downwelling spectral irra- 
diances at depths z and z+Az, respectively, and Az is the depth 
increment between measurements (0.5 m). Estimated values for 
K•,(z,3.) are shown in Figure 3 with the solid curve represent- 
ing the best fit of the data as determined by third order least 
squares polynomial regression. The resulting regression equa- 
tion (see Table 1) was used to define the spectral variability of 
K•/•,(z,30 in the bio-optical model. 

0.7 

0.6 

E 0.5 

. 0.4. 
0.3 

.2 ! I i i i i 

400 450 500 550 600 650 700 

Wavelength (nm) 

Fig. 3. Diffuse attenuation coefficient spectrum for platelet ice, 
K.dip(Z,•, ). The solid curve represents the best fit of the data as deter- 
mined by third order least squares polynomial regression. Data col- 
lected from McMurdo Sound, Antarctica, on November 21, 1989. 
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10,584 ARRIGO ET AL.: BIO-OPTICAL MODEL OF SEA ICE 

Particulate Attenuation: Description 

In the austral spring, the land fast sea ice in McMurdo Sound 
harbors a growing microbial community dominated by diatoms 
but also including other microalgal species, bacteria, and pro- 
tists [Palmisano and Sullivan, 1983; Sullivan and Palmisano, 
1984; Sullivan et al., 1985]. The community is generally re- 
stricted to the bottom 0.2 m of congelation ice and the platelet 
layer below [Palmisano and Sullivan, 1983] where microalgae 
may reach chl a concentrations of 2-5 mg L-1 late in the season 
(December). Field observations in McMurdo Sound indicate 
that during the period October through December, the microbial 
community can have a significant influence on the amount and 

Particulate Attenuation: Formulations 

The spectral diffuse attenuation coefficient for sea ice has 
been partitioned into components for pure sea ice and associ- 
ated particles so that at a given depth, Ka(z,•.) is approximated 
as 

Ka(z,•.) = Ka/(z,•.) + Kav(z,•.) (2) 

where Kdi(z,)•) and K4,(z,)• ) are spectral diffuse attenuation coef- 
ficients (m -1) for particle-free ice and associated particles, re- 
spectively. This formulation is similar to one used by Smith 
and Baker [1978] to describe the bulk optical properties of 
seawater. The model estimates Ka(z,)•) independently for each 

spectral distribution of PAR transmitted through sea ice 0.01-m layer within the sea ice based upon depth-dependent 
[Palmisano et al., 1987; SooHoo et al., 1987]. Attenuation of changes in Kd/(z,•, ) and K•(z,•,). 
downwelled irradiance is not uniform within this spectral range With the exception of the extreme upper ice surface, the an- 
because sea ice microalgae, with chl a as their major light ab- 
sorbing pigment, have two absorption peaks in vivo, one 
broad peak centered at 440 nm and another narrower peak at 
680 nm, with little absorption in the green-yellow region 
(575-650 nm) (Figure 4). In addition, accessory pigments such 
as fucoxanthin absorb maximally around 450-550 nm. 

Microalgae in the upper portion of the ice sheet absorb PAR 
that would otherwise be transmitted deeper into the ice, and due 
to their differential spectral absorption, also alter its spectral 
distribution. To maximize photosynthetic efficiency ((x, the 
amount of carbon fixed per unit incident irradiance), algae at 
lower depths within the sea ice photoadapt to PAR of decreased 
magnitude and altered spectral form by modifying their light 
harvesting characteristics. Consistent with this idea, SooHoo 
et al. [1987] reported distinct absorption spectra and specific 
absorption coefficients, a*(•) for congelation and platelet ice 
microalgal communities, the latter exhibiting enhanced ab- 
sorption in the 450-550 nm range. This enhanced absorption 
by platelet ice algae is a necessary adaptation to offset the di- 
minished amount of PAR available from above [SooHoo et al., 
1987]. 

gular distribution of irradiance is constant throughout the ice 
sheet (asymptotic distribution). For this reason, and because 
backscattering by particles has been ignored, the diffuse 
downwelling spectral attenuation coefficient due to particles 
(which is equivalent to the attenuation coefficient for scalar ir- 
radiance in an asymptotic field) at any depth z can be approxi- 
mated by 

am(Z,•,) + ad(z,•, ) 
Ka•,(z,)•) - (3) 

[Kirk, 1983; Sathyendranath et al., 1989] where am(Z,•, ) and 
acl(Z,)•) are the particulate absorption coefficients (m -1) for mi- 
croalgae and detritus, respectively, and • = 0.656 [Grenfell, 
1983] is the mean cosine of the angular distribution of irradi- 
ance. To account for changes in the particulate absorption co- 
efficient due to shifts in microalgal concentrations, am(Z,•, ) for 
sea ice microalgae can be computed as 

am(Z,•,) = a*(z,•,) C(z) (4) 

lO 

'• • a Amphiprora kufferathii (Manguin) 
.CD 0 • Auricula compacta (Medlin) 
._0.,-- * Nitzschia sp. 
• X 8 ' Nitzschia stellata (Manguin) 

•. ø Pleurosigma sp. 0 ¸ ? ' % ' Pinnularfa quadratarea (Oestrup) 

O• 

4 
._o E "•" v 2 

('f) '•' 0 ' 
400 450 500 550 600 650 700 

Wavelength (nm) 
Fig. 4. Chlorophyll a specific absorption coefficients for the most 
abundant sea ice microalgal species in McMurdo Sound, Antarctica. 
Spectra were determined from individual cells using the equation of 
Morel and Bricaud [1981], a*('k)=asol*(•, ) (3Qa()•))/(2p'O•)). Single- 
cell Qa (absorption efficiency) spectra were determined microphoto- 
metrically (for details of this method see Iturriaga et al. [1988]), and 
used to estimate p' using equation 1 from Morel and Bricaud [1981]. 
The coefficient asol*(•,) was estimated using the pigment specific ab- 
sorption coefficients reported in BMigare et al. [1989]. 

where a*(z,•.) is the chl a specific absorption coefficient for sea 
ice microalgae (m 2 mg-1) and C(z) and is the chl a concentration 
(mg m-3), both at depth z. 

The coefficient a*(•) observed for phytoplankton exhibits 
marked interspecific variability [Sathyendranath et al., 1987] 
depending primarily upon the composition and concentration 
of intracellular pigments, as well as cell size [Morel and 
Bricaud, 1981]. Taxonomic differences in a*(•)were also 
apparent for a variety of sea ice microalgal species collected 
from McMurdo Sound in 1988 (Figure 4). Although the absorp- 
tion spectra shown in Figure 4 may be used individually in 
equation (4), it is possible to combine values of a*(z,•) for dif- 
ferent algal species to arrive at a bulk a*(z,•) for the commu- 
nity. This is defined as 

a*(z,•.) = • lit i ai*(z,•, ) (5) 
i=l 

where ai*(z,)• ) is the specific absorption coefficient for species 
i, n is the number of species, and !Yi is a weighting factor corre- 
sponding to the relative abundance (0-1) of species i in the 
community. 

Specific absorption also varies for algal communities lo- 
cated at different vertical positions within sea ice [SooHoo et 
al., 1987]. Figure 5 illustrates how estimates of a*(•) (made 
using the method of Kiefer and SooHoo [1982]) for congelation 
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._• 0 ß Congelation ice community 
'-- ' Platelet ice community •X8 
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400 450 500 550 600 650 700 

Wavelength (nm) 
Fig. 5. Specific absorption coefficient spectra for congelation and 
platelet ice communities collected in McMurdo Sound, Antarctica (for 
method see Kiefer and SooHoo [ 1982]). These are used as default values 
for a*(•,) in the bio-optical model. 

and platelet ice communities varied during the spring microal- 
gal bloom in McMurdo Sound in 1989. These estimates can be 
used as default values in the bio-optical model if specific taxo- 
nomic data are not available. 

No rigorous means currently exists to quantify either detrital 
concentration or its specific absorption in situ, so detrital ab- 
sorption is modeled here as an arbitrary percentage of the mi- 
croalgal absorption of PAR, which is chosen by the user. 
Because phaeopigments (phaeophorbide + phaeophytin) are 
degradation products of chl a, phaeopigment concentrations 
have been used by others as an index of detrital absorption 
[Sathyendranath et al., 1989]. It may be possible then to infer 
appropriate values for the percent absorption by detrital parti- 
cles from data on seasonal changes in chl a and phaeopigment 
concentrations (Figure 6). Equations (6) through (9) describe 
how the detrital absorption spectrum is calculated after defining 
its magnitude as a percent of total microalgal absorption be- 
tween 400 and 700 nm. Note that this is not meant as a method 

of decomposing particulate absorption spectra into detrital and 
algal components, but rather a convenient way to define the de- 
sired magnitude of spectral absorption by detritus. 

Absorption of total PAR by microalgae at depth z is com- 
puted as 

700 

am(z) = I am(Z,)•) d)• (6) 
4OO 

Because detrital absorption is to be modeled as a fraction of to- 
tal microalgal absorption 

aa(z) = 6 am(Z ) (7) 

where 6 is the fraction of microalgal absorption equivalent to 
the desired magnitude of detrital absorption. 

Equation 7 ensures that act(z ) is of the desired magnitude, but 
because the goal is to calculate its effect on downwelling spec- 
tral irradiance, it must be converted to aa(z,•,) with proper spec- 
tral form. Figure 7 shows absorption spectra for detritus ob- 
tained from sea ice in McMurdo Sound [lturriaga and Sullivan, 
1989]. Least squares regression indicates that the shape of this 
curve within the visible is adequately described by the equation 

ad(z,•) = aa(z,400) e -0.008(X-400) (8) 

30 

m•o 20 

EE 
.•.• 10 

o_ 

o 
Oct 1 o Oct 31 Nov 20 Dec 10 

Date 

Fig. 6. Seasonal change in the relative phaeopigment abundance as 
measured fluorometrically in sea ice particulate matter from McMurdo 
Sound, Antarctica, between October 15 and December 5, 1989. 

where aa(z,400 ) is the computed detrital absorption (m-l) at 
)•--400, and )• is wavelength from 400 to 700 nm. Equation (8) 
defines the shape and magnitude of detrital absorption once 
aa(z,400) is calculated. Because detrital absorption is defined 
as a fraction of microalgal absorption, it is necessary to calcu- 
late the magnitude of aa(z,400) necessary to yield the required 
detrital absorption. This is done by integrating both sides of 
equation (8) from 400-700 nm and substituting in equation (7), 
obtaining 

• am(Z) 
aU(z,400) = 7oo (9) 

l e -0.0080.-400) d)• 
400 

Once the relative contribution of detritus (6) has been speci- 
fied, the value of aa(z,400 ) given by equation (9) is substituted 
into equation (8) to obtain the spectral diffuse attenuation coef- 
ficient for detritus of the correct magnitude and spectral form. 

MODEL RESULTS AND DISCUSSION 

Ka for Sea Ice With Low Particle Concen•ations 

A profile of PAR was measured within the interior (0.09- 
1.09 m) of a 2 m congelation ice sheet at noon on November 

0.6 

c 0.4 
.-- 

._ 

• 0.3 

o 

o 

co 0.1 

0 

400 450 500 550 600 650 700 

Wavelength (nm) 

Fig. 7. Spectral absorption efficiency (Q a) of individual detrital parti- 
cles collected from McMurdo Sound sea ice as determined by microspec- 
trophotometry [Iturriaga and Sullivan, 1991 ]. 
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10,586 ARRIGO ET AL.: BIO-OFrICAL MODEL OF SEA IQ• 

21, 1988 (Figure 8) in order to estimate the bulk diffuse attenu- 
ation coefficient (Ka) and compare it to values generated by the 
bio-optical model. Optical measurements were made by first 
drilling a vertical hole 1.3 m deep and 1.2 m in diameter into 
the congelation ice. A series of 2 cm diameter holes were then 
drilled horizontally into the sides of the main hole to a depth of 
0.3 m, at 0.2-m intervals, starting 0.09 m from the surface. 
After covering the main hole with an opaque tarpaulin, a 
Biospherical Instruments QSL-100 PAR wand (with 4•c collec- 
tor) was inserted into each horizontal hole and scalar irradiance 
was measured. K o was then computed according to the equation 

I Eo(z) 
Ko = o(Z+aZ 

where Eo(z) and Eo(z+Az) are the scalar irradiances at depths z 
and z+Az, respectively, and Az is the depth increment between 
measurements. Assuming the irradiance field is asymptotic, K o 
is equivalent to K u used in the bio-optical model, allowing di- 
rect comparison with model results. 

Predictions of K d for the ice sheet were generated using as 
input the observed field conditions at the time the profile was 
made, assuming no particulates were present, and then averag- 
ing the resulting values for Ku (z) over the depths of 0.09 to 
1.09 m (Kd(z) varies with depth depending upon sea ice tem- 
perature and salinity). Although chl a concentrations in the 
upper congelation ice at the time of sampling normally range 
from 0.01-1.0 I.tg L 'l (K. Arrigo, unpublished data, 1988), the 
bulk values of Kd determined from the PAR profile and predicted 

50 
0 

0.2- 

0.4' 

0.6- 

0.8- 

1.0 

PAR (gEin m-2 s-1 ) 

150 250 350 450 
i i i I i i i i 

Fig. 8. Profile of PAR measured through the interior (0.09-1.09 m) of 
2.25 m of congelation ice at noon on November 21, 1988. The open 
squares represent measured scalar irradiance and the solid curve repre- 
sents the equation E(z)=Eo(O.09 ) exp (-Kz) where Eo(O.09) is the scalar 
irradiance 0.09 m below the ice surface, and K = 1.55 m-1. 

10 

E 

• First year blue ice (from Grenfell and Maykut 1977) 

Model prediction 

o.1 I I I I I I 

400 450 500 550 600 650 700 

Wavelength (nm) 

Fig. 9. Comparison of observed bulk spectral diffuse attenuation coef- 
ficient, Kd(•, ), with model predictions. Observations are from Grenfell 
and Maykut [1977] for interior first-year blue ice. Although model 
predictions are within the standard deviation of the measured KdOO at 
all wavelengths, substantial deviation from the mean occurs at 700 nm 
(note log scale of Ks(L)). This may account for overestimates in spec- 
tral irradiance seen in the 600-700 nm range (see Figure 10). 

by the bio-optical model (assuming no chl a was present) are in 
good agreement, yielding values of 1.55 m -1 and 1.46 m -1, re- 
spectively. Moreover, model results show that a Kd of 1.55 
can be achieved by assuming a mean chl a concentration of 0.3 
I.tg L -1 throughout the sea ice interior, a concentration well 
within the range typically observed there. 

Figure 9 illustrates how the predicted spectral shape of Ku 
compares with estimates obtained in the field by Grenfell and 
Maykut [1977] for interior white ice. Predictions were made 
assuming ice thickness = 1.5 m, surface temperature = -10øC, 
sea ice salinity = 5 ppt, and chl a = 0 (i.e. Kd()O=Kdi()•)). 
However, because field data were not available to fully define 
conditions for this model ran, the comparison is only an ap- 
proximation. Nevertheless, as seen in Figure 9, the spectral 
form of the predicted K•)•) is within the range of expected mea- 
surement error, although a slight underestimate is apparent at 
longer wavelengths. This will be discussed later. 

While the accuracy of the assumed relationship between 
Kd/(•) and brine volume (Figure 1) cannot be determined di- 
rectly, it can be tested indirectly by comparing model predic- 
tions of under-ice spectral irradiance at different sea ice temper- 
atures, and thus different brine volumes, with spectral irradi- 
ance measured in the field under known conditions. Figure 10 
illustrates how predictions of under-ice spectral irradiance 
change when the model is mn varying only the surface tempera- 
tures between-5øC and -20øC. These results were compared to 
measured under-ice spectral irradiance in McMurdo Sound in late 
September 1984 when surface temperature was approximately 
-20øC and chl a concentrations were <0.5 gg L-1 (C. Sullivan, 
unpublished data, 1984). Clearly, agreement between predicted 
and observed spectral irradiance is superior when simulated sur- 
face temperature is near that measured in situ. This difference 
may be attributed to sea ice brine volume changes in response 
to varying sea ice temperature. For the -5øC case, assuming a 
sea ice salinity of 6 ppt (as determined by analyzing numerous 
ice cores), brine volume would be 60 and 150 ppt at the sea ice 
surface and bottom, respectively, averaging 91 ppt for the ice 
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ARRIGO ET AL.: BIO-OPTICAL MODEL OF SEA ICE 10,587 

Observed under-ice irradiance 

O. 16 r - Predicted under-ice irradiance at -20 øC 
/ - Predicted under-ice irradiance at -5 øC 
/ - - Predicted under-ice irradiance at -20øC with 

ths 

0.12 
0.08 " 

0.04 

ol .... 

Wavelength (nm) 

Fig. 10. Comparison of observed under-ice spectral irradiance in 
McMurdo Sound on September 27, 1984 (open squares), with model 
predictions. To test the effect of brine volume changes on predicted 
under-ice spectral irradiance, surface temperature was changed from -5øC 
to -20øC (both solid curves). A similar simulation verified that im- 
proved predictions could be obtained by increasing Kd/(3,) linearly 1- 
11% from 600 to 700 nm (dashed curve). Model input included mea- 
sured congelation and platelet ice thickness (1.54 and 0.45 m, respec- 
tively), percent cloud cover (0), and chlorophyll a concentration 
(< 0.1 mg m'3). 

sheet. At -20øC, however, brine volume at the sea ice surface 
would be reduced to 26 ppt (the brine volume at the bottom re- 
mains unchanged due to its constant temperature of-1.8øC), 
with the ice sheet averaging only 43 ppt. Based upon the rela- 
tionship shown in Figure 1, attenuation near the sea ice surface 
would be expected to be greater in the former case. It appears 
that the simulated reduction of Kd/(•), due to lower brine volume 
and volume scattering, results in an enhancement of down- 
welling spectral irradiance at lower temperatures consistent 
with field observations. 

The above examples indicate that the bio-optical model ade- 
quately describes radiative transfer in sea ice when particle con- 
centrations are low. The remainder of this section will focus on 

the performance of the model under conditions of rapidly 
changing surface irradiance, surface temperature, sea ice thick- 
ness, and particle concentration. 

Temporal Variation in Under-Ice PAR 

Surface and under-ice PAR were measured in McMurdo Sound 

throughout the austral spring and early summer of 1984. Data 
for congelation and platelet ice thicknesses, chl a and 

phaeopigment concentrations, and profiles of ice temperatures 
were also collected (Table 2). This information was used as in- 
put for a series of runs designed to assess the model's accuracy 
on a diel (throughout the day) and seasonal basis when both the 
incident irradiance field and sea ice particulate concentrations 
were changing rapidly. The results for these runs, along with 
measured under-ice irradiance, are shown in Figures 11 through 
13. 

Figure 11 depicts a comparison of the predicted seasonal 
changes in the diel pattern of under-ice PAR with direct field 
observations. Predicted noon surface irradiance is shown for 

each run. Good agreement is obtained for both the diel patterns 
and the seasonal changes in under-ice irradiance. Most of the 
larger discrepancies are due to the assumption of a clear sky. 
For example, surface irradiance measurements (not presented) 
indicate, and field observations confirm, that variable cloud 

cover resulted in the model overestimating surface and under-ice 
PAR for the early part of the day on October 7. At noon, how- 
ever, when skies had cleared, model predictions improved dra- 
matically. 

The model also accurately predicted a seasonal decrease in 
the intensity of under-ice PAR, despite the fact that surface PAR 
increased. On September 28, noon surface downwelling PAR 
was 470 gEin m -2 s -1 and under-ice PAR was 25 gEin m -2 s -1, or 
5% of the surface value. By December 5, however, noon surface 
PAR increased to 1335 gEin m-2 s-1 while under-ice PAR has de- 
creased to 2 gEin m-2 s-l, only 0.15% of surface PAR. This de- 
crease in the percentage of transmitted irradiance resulted in 
part (21.7%) from increasing sea ice thickness (1.55 to 1.78 
m), but is caused primarily by increasing particle concentra- 
tions (30 to 315 mg chl a m-2) as a result of the spring algal 
bloom. 

Diel Variation in Under-Ice Spectral Irradiance 

A comparison of observed diel changes in under-ice spectral 
irradiance on December 5 with model predictions shown in 
Figure 12 illustrates the ability of the bio-optical model to ac- 
count for changes in Sun angle and consequently, surface spec- 
tral irradiance when predicting under-ice irradiance. The magni- 
tude and spectral form of predicted under-ice irradiance is nearly 
identical to field observations throughout the day (only values 
between midnight and noon are shown for clarity). In addition, 
absorption by high concentrations of photosynthetic pigment 
is apparent in both predicted and observed irradiance spectra as 
indicated by the presence of a 570-nm transmission peak and a 
slight transmission increase between 675 and 700 nm due to 
the secondary peak in chl a absorption at 680 nm. 

Interestingly, Figure 12 indicates that while ice algae which 
are fixed vertically are exposed to changes in the amount of in- 

TABLE 2. Input Parameters Used in Model Tests 

Parameter Sept. 27-28 Oct. 6-7 Oct. 26-27 Nov. 12-13 Nov. 4-25 Dec. 4-5 

Snow depth, m* 0 0 0 0 0 0 
Congelation ice depth, m* 1.55 1.66 1.78 1.80 1.80 1.78 
Platelet ice depth, m* 0.50 0.53 0.50 0.50 0.50 0.48 
Surface temperature, øC* -20 - 15 -9 -6 -3 -2 
Cloud cover (0-10) 0 0 0 0 0 0 
Chlorophyll a in congelation ice, mg m -2' 5 15 40 50 60 65 
Chlorophyll a in platelet ice, mg m -2' 25 50 100 150 200 250 
Detrital absorption (as percent of algal absorption) 0 0 5 10 15 20 

Detrital absorption was estimated from phaeopigment concentrations given in Figure 6. 
* Indicates field collected data. 
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10,588 ARRIGO ET AL.: BIO-OFFICAL MODEL OF SEA ICE 
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Fig. 11. Predicted (squares) versus observed (solid curves) seasonal 
changes in the pattern of diurnal under-ice PAR during development of 
the spring sea ice microalgal bloom of 1984 in McMurdo Sound, 
Antarctica. Noontime surface PAR is indicated on each graph. Table 2 
shows the input for each simulation. 

cident PAR, its spectral distribution remains relatively un- 
changed. This is unlike phytoplankton which mix through the 
water column and experience diel changes in both total irradi- 
ance and spectral distribution. Vertical stability may have im- 
portant implications for the ability of sea ice algae to adapt 
their photosynthetic apparatus to efficiently utilize the avail- 
able irradiance in this extreme light environment. 

Seasonal Variation in Under-Ice Spectral Irradiance 

Arctic. However, Figure 13 (e.g. November 1984) reveals that 
acceptable precision was obtained under conditions of very low 
irradiance, indicating that the spectroradiometer used in this 
study was sufficiently sensitive. 

Differences between predicted and observed under-ice spec- 
tral irradiance late in the season (November 13, November 25, 
and December 5) are more difficult to interpret. Due to the fact 
that agreement is good between 400 and 500 nm and from 575 

Noon values for under-ice irradiance exhibited seasonal 

changes in spectral composition (Figure 13) in addition to the 

previously mentioned diel changes in spectral irradiance 
(Figure 12) and seasonal changes in PAR (Figure 11). 
Although predicted spectral irradiance may span more than an 
order of magnitude, only minor inconsistencies are apparent. 
These occur at wavelengths of 650-700 nm early in the season 
(September 28, October 7, and October 27), and in the 500-550 
nm range later (November 13, November 25, and December 5). 

The overestimates in spectral irradiance observed at wave- 
lengths of 650-700 nm are most likely due to the previously 
mentioned underestimate of Kd/(3• ) at longer wavelengths (see 
Figure 9). This can be shown by increasing Kai(3•) linearly 
from 0 to 11% in the red wavelengths (0% increase at 600 nm 
to an 11% increase at 700 rim) which yields much better agree- 
ment (Figure 10). Because the values for Kai(3•) used in the 
model were derived from radiative transfer theory, it appears 
that the diffuse attenuation for pure sea ice is greater than the- 
ory predicts at longer wavelengths within the visible (as 
shown above), or instrument sensitivity is inadequate in this 
range. Grenfell [1983] assumed the latter to be true when com- 
paring his estimates of Kdi(3•) to observations made in the 

Nov 12-13, 1984 to 700 rim, and model results for pure sea ice showed no devia- 
Noon surface PAR = 1166 tion in the 500-550 nm range (Figure 9), it is unlikely that the 

observed differences are due to an overestimate of Kd/(z,• ) in 
that range. These dates occur late in the microalgal bloom 
when bulk spectral diffuse attenuation in sea ice is greatly in- 
fluenced by the high particulate concentrations present 
(Kai=2.1 m -1 and Ka¾=l.7 m -1 on December 5), indicating that 
the discrepancy may be due to variations in the optical charac- 

Dec4-5, 1984 teristics of the microbial community related to photoadapta- 
Noon surface PAR: 1335 tion. In support of this view, difference spectra calculated from 

absorption coefficients for sea ice algae collected from the up- 
per and lower portions of the ice sheet indicate that by modify- 
ing pigment concentrations, ice algae are able to enhance ab- 
sorption in the 450-550 nm range (Figure 14). These wave- 
lengths coincide with the spectral region of poorest fit between 
observations and model predictions, suggesting that default 
specific absorption spectra for ice algae used in the model may 
differ from those of the community in situ in 1984. This is not 
surprising since specific absorption spectra can vary widely 
between species (Figure 4) and neither community- nor species- 
specific absorption spectra were determined during 1984 for the 
populations present at the time spectral irradiance measure- 
ments were made, necessitating the use of default spectra. 

Model predictions of noon under-ice spectral irradiance on 
December 5 (conditions as shown in Table 2, except for detrital 
absorption which was 0%) show poor agreement with observed 
spectra in the 400-550 nm range, indicating that simulated val- 
ues for K a are too low in that region (Figure 15). There are at 
least two possible explanations for this. First, although atten- 
uation by bacteria is ignored in the model, their absorption co- 
efficient is similar spectrally to that of detritus [Chamberlin, 
1989], and is thought to be important to radiative transfer in 
other systems [Kiefer et al., 1990]. An unusually high concen- 

2'0 I 1.6 

Predicted Observed 

TIME 

A /\ ---oo:oo ! \ ø 
/ t 

ß 

/ . 

500 600 700 400 500 600 700 

1.2 

0 .•"•"'•;*" , 
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Fig. 12. Predicted versus observed diel changes in under-ice spectral ir- 
radiance on December 5, 1984. The time shown represents the time of 
day each measurement was taken and the time used as input for diel 
simulations. Table 2 (December 5) shows additional input for each 
simulation. 
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Fig. 13. Predicted (solid curves) versus observed (squares) under-ice spectral irradiance measured at local noon during devel- 
opment of the spring sea ice microalgal bloom of 1984 in McMurdo Sound, Antarctica (note log scale of irradiance). Table 2 
shows additional input for each simulation. 

tration of bacteria late in the season (December 5) might ac- 
count for the observed differences in under-ice spectral irradi- 
ance. This is unlikely, however, because unlike the open ocean 
where bacterial biomass is generally equivalent to 10-40% of 
phytoplankton biomass [Ducklow, 1983], bacteria amount to 
less than 1% of algal biomass in land fast sea ice [Kottmeier et 
al., 1987], even late in the season when bacteria reach peak 
abundance (3.3 x 10 TM cells m-3). In addition, the absorption 
coefficient for open ocean bacterioplankton at a concentration 
of 1 x 1012 cells m -3 is approximately 3.8 x 10 -3 m -1 at 400- 
415 nm [Stramski and Kiefer, 1990]. Assuming sea ice bacteria 
exhibit similar optical properties, they would have no more 
than a minor impact on under-ice irradiance at typical concen- 
trations. 

(• 03 0.5 

E 0.0 

E 
v -0.5 I I I I I I 

400 450 500 550 600 650 700 

Wavelength (nm) 

Fig. 14. Difference spectra of spectral specific absorption coefficients 
obtained from platelet and congelation ice microalgal communities 
(platelet - congelation) collected from McMurdo Sound, Antarctica, in 
November 1988. 
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Fig. 15. Comparison of observed noontime under-ice spectral irradi- 
ance measured on December 5, 1984 (open squares), with model predic- 
tions assuming detrital absorption was equivalent to 0% (thick solid 
curve) and 20% (thin solid line) of total microalgal absorption. Table 
2 shows additional input for each simulation. 

An alternative explanation is that on December 5, detrital 
absorption was higher than the value of 0% used in early sea- 
son model runs. This idea is supported by fluorometric pig- 
ment data obtained from sea ice particulate matter which indi- 
cates that as the spring bloom in McMurdo Sound progresses, 
the percent contribution by phaeopigments (an indicator of de- 
tritus) to total pigment concentration (chl a+phaeopigments) 
increases (Figure 6). Because phaeopigments are degradation 
products of chl a caused by grazing, such changes would be 
consistent with enhanced grazing pressure due to improved ac- 
cess of cryopelagic grazers to the microalgae as ice begins to 
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10,590 ARRIGO ET AL.: BIO-OPIICAL MODEL OF SEA IO• 

deteriorate. When the simulation for that day is run assuming 
20% detrital absorption, agreement improves dramatically 
(Figure 15). 

Finally, several simulations were carried out to see how pre- 
dicted under-ice spectral irradiance changes as a function of 
species composition and microalgal photoadaptive state. 
When assuming a high algal biomass, the under-ice irradiance 
spectrum produced using values of a*()•) for Nitzschia stellata 
in the 450-550 nm range from that obtained for Nitzschia stel- 
lata collected from the platelet ice (low light) (Figure 16). This 
phenomenon is even more pronounced when we compare these 
spectra to that obtained using a*()•) estimated for the diatom 
Auricula compacta (Figure 4). These results indicate that taxo- 
nomic differences within the algal community may be observ- 
able in spectral radiometric measurements when individual 
species are in sufficiently high concentrations, and radiometers 
provide data with sufficient spectral resolution. 

Results also illustrate how differences in sea ice microalgal 
concentration, species composition, and photoadaptive state 
can affect under-ice spectral irradiance, which may in turn sig- 
nificantly alter the rate of photosynthesis within the water col- 
umn. 

In Situ Versus Laboratory Estimates of Primary Productivity 

It is common practice to use estimates of InC-radioactive 
carbon fixation by algae in the laboratory to infer rates of pri- 
mary production for field populations [Lewis and Smith, 1983]. 
Accurate estimates of primary production can only be made by 
this method, however, if the spectral output of the incubator 
light source is the same as that found in situ. This is because 
all wavelengths within the visible are not absorbed with equal 
efficiency, and consequently, observed rates of photosynthesis 
are a function of the spectral distribution of incident irradiance. 

0.1 

, Low light adapted Nitzschia stellata community 

x High light adapted Nitzschia stellata community 

ß Auricula compacta dominated community 

'x.,, 
ß,i:.,:,./' 

/ ' 
0.001 , , , , , , 

400 450 500 550 600 650 700 
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Fig. 16. Predicted under-ice spectral irradiance as a function of pho- 
toadaptive state and species composition of the microbial community. 
The specific absorption spectra obtained from high and low light 
adapted Nitzschia stellata represent the extremes seen for this species 
(Figure 4) and result in distinct differences in predicted under-ice spec- 
tral irradiance. Using the high specific absorption coefficient obtained 
from Auricula compacta (Figure 4) results in even lower predicted under- 
ice spectral irradiance. Table 2 (December 5) shows additional input for 
each simulation. 

Because the spectral irradiance where sea ice microalgae reside 
is difficult to measure, the bio-optical model makes it possible 
to obtain reasonable estimates. Laboratory-based estimates of 
primary production and photosynthetic parameters such as a 
(photosynthetic efficiency), B (photoinhibition), and I k 
(photoadaptation) can be corrected to reflect better the field 
conditions and photophysiological characteristics of the al- 
gae. 

The correction consists of converting measurements of PAR 
made both in the field and in the experimental setup to PUR. 
According to Morel [1978], 

700 

PUR(z)= I a(z,)•) E(z,)•) d)• (10) 
400 

where a(z,)•) is the spectral absorption coefficient for the com- 
munity normalized to its maximum value (at 440 nm) and E(z,)0 
is the ambient spectral irradiance (predicted or observed). PUR 
represents the proportion of downwelling irradiance absorbed 
by algal cells and is dependent upon the absorption properties 
of the algae and the spectral distribution of downwelling irradi- 
ance. Photosynthetic rates related experimentally to PUR may 
then be combined with estimates of PUR (predicted or mea- 
sured) in situ to obtain more realistic estimates of primary pro- 
ductivity. 

Estimating Algal Stocks 

The bio-optical model can be used in conjunction with sur- 
face and under-ice spectral irradiance measurements from re- 
motely operated or manned submersibles to obtain 2-dimen- 
sional maps of chl a concentrations in sea ice. From equation 
(2) the bulk diffuse attenuation coefficient for sea ice can be 
written as 

Ka00 = K,•-(•,) + K4•(•, ) (11 ) 
or by rearrangement, 

K4o00 = Ka()0 - Ka/0•) (12) 

Variable subscripts are as defined for equation (2). The value 
for Ka()0 can be determined by measuring surface and under-ice 
irradiance, and Kai()• ) can be estimated with the bio-optical 
model using known values for surface temperature and sea ice 
thickness. Once K4o() 0 has been determined, equations (3), (4) 
and (6) through (9) can be combined to yield the following rela- 
tionship between the mean chl a concentration in the ice sheet 
and 

c abs (13a) 

where 

700 

• I a*(•) d• 
400 

abs = a*(•) + e -o.oos(x-•oo) (13b) 700 

l e -o.oos(x-4oo) d• 
400 

C is the mean chl a concentration (mg m -3) for the ice sheet 
(which can be converted to units of mg m-2 by multiplying by 
the sea ice thickness) and I e-0.oo80.-400) d• = 113.8 when inte- 
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grated from 400 to 700 nm. Values for Kat,(•,), e-0.008(•.-400), 
and a*(•,) need only be specified at a single wavelength to es- 
timate chl a concentration using equation (13). However, the 
value for • a*(•,) d•, depends upon the particular specific absorp- 
tion coefficient spectrum used. 

Obviously, the accuracy of this approach depends upon the 
proper estimation of the detrital absorption term, 6. 
Fortunately, during much of the algal bloom, 6 is probably 
<10%. Only at the latest stages of bloom development are 
larger values for 6 likely to be encountered. However, even this 
would introduce substantial errors into the estimation of chl a 

concentration only if phaeopigment concentrations in the field 
cannot be estimated with reasonable certainty. 

Ecosystem Models 

Finally, the bio-optical model can be coupled to other mod- 
els of sea ice dynamics to produce an ecosystem model which 
couples microalgal growth and production to conditions of the 
physicochemical environment. Models simulating many of 
the physical processes known to occur in sea ice, including sea 
ice growth [Maykut, 1986], desalination [Cox and Weeks, 
1988], and nutrient flux [Wakatsuchi and Ono, 1983] can be 
combined with the present bio-optical model to describe the 
environmental factors thought to be most influential in con- 
trolling microalgal growth: temperature, spectral irradiance, 
nutrient concentration, and salinity. Used in conjunction with 
knowledge of the physiological and growth characteristics of 
sea ice microalgae, this ecosystem model may then be used to 
estimate seasonal changes in primary production as well as to 
test our understanding of the relative importance of the various 
physicochemical influences on primary production. Such a 
model currently is under development [Arrigo et al., 1990]. 
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