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Abstract. In seaice of polar regions, high concentrations of microalgae are observed
during the spring. Algal standing stocks may attain peak values of over 300 mg chl a
m~2 in the congelation ice habitat. As of yet, the effect of additional heating of sea
ice through conversion of solar radiation into heat by algae has not been investigated
in detail. Local effects such as a decrease in albedo, increasing melt rates, and a
decrease of the physical strength of ice sheets may occur. To investigate the effects
of microalgae on the thermal regime of sea ice, a time-dependent, one-dimensional
thermodynamic model of sea ice was coupled to a bio-optical model. A spectral
one-stream model was employed to determine spectral attenuation by snow, sea
ice, and microalgae. Beer’s law was assumed to hold for every wavelength. Energy
absorption was obtained by calculating the divergence of irradiance in every layer of
the model (Az = 1 cm). Changes in sea ice temperature profiles were calculated by
solving the heat conduction equation with a finite difference scheme. Model results
indicate that when algal biomass is concentrated at the bottom of congelation ice,
melting of ice resulting from the additional conversion of solar radiation into heat
may effectively destroy the algal habitat, thereby releasing algal biomass into the
water column. An algal layer located in the top of the ice sheet induced a significant

increase in sea ice temperature (AT > 0.3 K) for snow depths less than 5 cm and

algal standing stocks higher than 150 mg chl a m~2.

Furthermore, under these

conditions, brine volume increased by 21% from 181 to 219 parts per thousand,

which decreased the physical strength of the ice.

1. Introduction

Sea ice in polar regions provides a variety of habi-
tats for marine microalgae. High biomass has been re-
ported for algal communities located at the surface of
the sea ice, within the sea ice as internal bands, within
a narrow porous layer located at the bottom of growing
sea ice, and within a layer of consolidated ice platelets
underlying the sea ice [Ackley et al., 1979; Horner et
al.,, 1992]. In the fast ice of McMurdo Sound (Ross
Sea, Antarctica) the bulk of microalgal biomass is typ-
ically located within the bottom ice habitat or within
the platelet ice layer. For the congelation ice habitat,
algal standing stocks of 5 to 600 mg chl a m~2 have been
reported [Palmisano and Sullivan, 1983; SooHoo et al.,
1987; Palmisano et al., 1988; Dieckmann et al., 1992].
Whereas the composition, growth, and proliferation of
sea ice algal communities have been studied in detail
(reviewed by Horner et al. [1992] and Legendre et al.
[1992]), their effect on physical processes has received
very little attention. ‘
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Microalgae in sea ice strongly affect the spectral dis-
tribution of irradiance and the total irradiance within
the ice through light absorption [Maykut and Grenfell,
1975; SooHoo et al., 1987; Arrigo et al., 1991, 1993;
Perovich et al., 1993]. It has been speculated that algae
may also affect the thermal regime of sea ice through
conversion of solar radiation into heat [Cota and Horne,
1989; Eicken et al., 1991b; Roesler and Iturriaga, 1994],
thereby affecting the structural stability and melting
rate of the sea ice. For example, in McMurdo Sound,
Sullivan et al. [1983] observed a rapid disintegration
of the platelet layer over a 3-4 week period after light
penetration at the ice surface was increased by snow
clearing, suggesting that ice melting and algal habitat
destruction were hastened by absorption of the addi-
tional light by microalgae and conversion into heat.

The aim of this paper is to provide a detailed model
that calculates the contribution of light absorption and
the subsequent release of absorbed energy as heat to
the heating and melting of sea ice. In particular, the
conditions prerequisite to significant increases in sea ice
temperature, brine volume or melting rate were studied
for different algal concentrations. We simulated phys-
ical and biological conditions that have been reported
for both fast ice in McMurdo Sound and the pack ice in
the western Weddell Sea.
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2. Description of the Model

In order to quantify the influence of microalgae on the
heat budget of sea ice, a one-dimensional, thermody-
namic model of sea ice [Maykut and Untersteiner, 1971]
(hereinafter referred to as MU) was coupled to a spec-
tral bio-optical model [Arrigo et al., 1991]. A schematic
illustration of the modeled ice cover is presented in Fig-
ure 1. New features include a spectrally resolved short-
wave flux and equations to determine the brine volume
in sea ice. The absorption of light by microalgae is
considered by calculating the divergence of irradiance,
which represents the connecting link between the ther-
modynamic model and the bio-optical model (see (9)).
Since a fraction of the energy absorbed by the algae
is stored as photochemical energy and is not converted
into heat, an estimation of the efficiency of photosyn-
thesis is included.
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Figure 1. Illustration of the model. Sea ice is viewed
as an infinite, horizontally homogeneous slab floating
on seawater. The solar shortwave radiation supplies the
photosynthetically available radiation that is absorbed
by microalgae. The thermodynamic model determines
the temperature profile and hence the conductive heat
flux through the sea ice. The bio-optical model de-
scribes the light attenuation by snow, sea ice, and mi-
croalgae.
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Figure 2. Schematic illustration of the thermodynamic
model of sea ice after Maykut and Untersteiner [1971].
To determine the surface temperature Tj, the sensible
heat flux Fj, latent heat flux F;, emitted longwave radi-
ation e 0Ty, incoming longwave radiation Fr, incom-
ing shortwave radiation Fg, and the conductive heat
flux F, must be considered. I, denotes the shortwave
radiation that penetrates the surface and F, is the
oceanic heat flux. The additional heating through light
absorption by microalgae is determined by the calcu-
lation of the divergence of irradiance 0F;(z)/0z in the
heat conduction equation.

2.1. The Thermodynamic Model

Only a brief recapitulation of the well-established MU
model is presented here. Alterations to this model are
described more thoroughly. Sea ice is viewed as an
infinite horizontally homogeneous slab floating on sea-
water. Temperature and thickness of sea ice are con-
trolled by the conduction of heat through the ice slab
and the balance of fluxes at its upper and lower sur-
faces. To solve the heat conduction equation in the .
interior of the ice, one needs to specify the boundary
values of temperature T' at the upper surface and at
the lower ice-water interface. While the latter equals
—1.8°C (freezing point of seawater at a salinity of 34
practical salinity units (psu)), the surface temperature
Ty is obtained by an energy balance at the surface (a
flux toward the surface is positive, and a flux away from
the surface is negative; see Figure 2). Two possible sit-
uations must be considered. If Tp is below the freezing
point, Ty must be adjusted to balance the fluxes. If, on
the other hand, Tj is at the melting point, ice or snow
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will have to melt. Thus the energy balance at the upper
surface is described by

orT
FR,e+FL—EL0'Té+F3+Fz+k(5z—
0

B 0 Ty < 273.15 K Q)
T —pLdEtR) T = 97315 K

where Fg . is the fraction of incoming shortwave ra-
diation that contributes to the surface energy balance
(see (2)). Fr is incoming longwave radiation, and
eroTy is emitted longwave radiation, with ¢ denoting
the longwave emissivity of the surface material (0.97 for
ice and 0.99 for snow); ¢ = 5.67 x 1078 W m=2 K~* is
the Stefan-Boltzmann constant. F, is the sensible heat
flux; F) is the latent heat flux; and k(9T/0z)|o is the
conductive heat flux at the surface, with z the vertical
coordinate and k the thermal conductivity; p is the den-
sity of the surface layer; L is the latent heat of freezing;
H is the ice thickness; and h, is the thickness of the
snow layer (see Figure 2).

Shortwave radiation. The fraction of incoming
shortwave radiation that contributes to the energy bal-
ance at the surface is calculated as

4000
/ FrO)(1 — ax)dA (2)

FR,e:

with spectral incoming shortwave radiation Fg(A) and
surface albedo «). Since the absorption of shortwave
radiation in sea ice for wavelengths longer than 700
nm is about 3-13 times larger than for wavelengths in
the visible range (the extinction coefficient K jce is 1.2
m~! for A = 460 nm, while K jce equals 14.1 m~! for
A = 800 nm [Grenfell and Maykut, 1977]), it was as-
sumed that shortwave radiation for wavelengths from
700 to 4000 nm is completely absorbed within the sur-
face layer. Only light in the visible range from 400 to
700 nm was assumed to penetrate into the interior of
the ice. This consideration is similar to the assumption
of MU, whereby between 17% and 47% of the total net
shortwave radiation is penetrating the surface (denoted
as Ip). Hence Iy is the source of the photosynthetically
available radiation (PAR) that is absorbed by microal-
gae and converted into heat. I is calculated as

Io = FR(/\)(l - a)\)d)\ (3)
J

Longwave radiation. The incoming longwave

flux Fy, is given by

{1—0.261 exp[—7.77 x 107%(273.15 — T,)?]}
x (14+0.275¢5) x 0T (4)

Fr, =

where T, is surface air temperature [Parkinson and
Washington, 1979]. The cloud cover fraction c; was
taken to be 0.8 in spring and summer for the Wed-
dell Sea [van Loon, 1972] and 0.63 in McMurdo Sound
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[Schwerdtfeger, 1970]. Values for T, have been obtained
from data buoys 3313 and 3316 [Kottmeier and Hartig,
1990] for the Weddell Sea and from Schwerdtfeger [1970]
for McMurdo Sound, respectively. In order to eliminate
daily fluctuations, which complicate the discussion of
the seasonal course of biophysical processes, monthly
mean temperatures were interpolated to obtain daily
values.

Sensible and latent heat fluxes. Sensible and
latent heat fluxes influence the surface temperature of
the ice via the surface energy balance (see (1)). During
the summertime, sensible and latent heat fluxes typi-
cally represent a net loss of heat by the ice, mostly due
to the high surface temperature of the ice. Their con-
tribution to the net energy flux at the surface is small
(~ =10 W m~2) in comparison to the net shortwave
flux (~ 100 W m™2). The sensible heat flux was cal-
culated from the standard bulk aerodynamic formula
le.g., Cozx and Weeks, 1988]

Fs = paCaCsU(Ta - TO) (5)

where p, = 1.3 kg m™3 is the average air density,
cq = 1006 J kg~! K~! is the specific heat of air at con-
stant pressure, Cs = 0.003 is the sensible heat transfer
coefficient, and u is the wind speed. T, and Tp are the
surface air temperature and the surface temperature of
ice or snow, respectively. The wind speed u was as-
sumed to be 4.4 m s™! in the Weddell Sea [Kottmeier
and Hartig, 1990] and 5.85 m s~! in McMurdo Sound
[Schwerdtfeger, 1970].

For the Weddell Sea, latent heat fluxes have been
estimated as [Eicken, 1992]

Fy=025F,. (6)

Since this formula may not be applicable to conditions
in McMurdo Sound, the latent heat flux for simula-
tions in McMurdo Sound was calculated according to

[Maykut, 1978]

F = 0.622paLSCIU(fhesa - 630)/1’0 (7)

where e,, and e are the vapor pressure of the air at the
height of the measurement (usually about 10 m above
the surface) and at the surface, respectively. The air
at the surface is assumed to be at saturation [Maykut,
1978]. L, = 2.834 x 106 J kg~ is the latent heat of
vaporization, C; = 1.37 x 1073 is the latent heat trans-
fer coefficient, and pp = 986.2 mbar is the mean air
pressure in McMurdo Sound from October to January
[Schwerdifeger, 1970]. Since no field data were avail-
able for the relative humidity f; in McMurdo Sound,
fr was set at a value of 80%, which is typical for these
Antarctic regions [e.g., Kdnig-Langlo, 1992]. The sen-
sitivity of the model to this parameter is examined in
section 3.3. The vapor pressure e, was determined from
an empirical formula [Parkinson and Washington, 1979]

es = 610.7 x 109.5{(7’—273.15)/(T-—7‘66)] (8)

Heat conduction. The transfer of heat in the ice
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Table 1. Coeflicients for the Functions F;(T) and Fo(T)

T, °C o oy o2 3
Fi(T)

0>T> -2 -4.1221 x 1072 —1.8407 x 10! 5.8402 x 107! 2.1454 x 1071

—2>T > —229 —4.723 —2.245 x 10° —6.397 x 107? —1.074 x 1072
Fy(T)

0>T> -2 9.0312 x 1072 —1.6111 x 1072 1.2291 x 10™* 1.3603 x 10~*

-2>T > -229 8.903 x 1072 —~1.763 x 1072 —5.330 x 10~* —8.801 x 107°

T is temperature. Coefficients a; are given by Leppdranta and Manninen [1988] for the temperature
range from —2°C to 0°C and by Coz and Weeks [1983] from —22°C to —2°C.

and snow is described by

or 9 0T, 0OF(z)

"5 = 5282 T "o ©)
where p is the density, ¢ is the specific heat, and k is the
thermal conductivity of sea ice or snow, F;(z)/0z is the
divergence of irradiance, T is the temperature at depth
z, and t refers to time. Strictly speaking, 0F;(z)/0z is
the heat flux generated by the absorption of irradiance
(since the storage of photosynthetic energy is taken into
account; see (17)) but is called the divergence of irra-
diance for simplicity. The density p and the thermal
conductivity k of sea ice were determined from Coz and
Weeks [1983, 1988]

pi Iy

p:(l—Va)m (10)
k= (1=Va—Vo)ki + Voks (11)

with )8
=t (12)

where V, = 15 parts per thousand (ppt) is the gas vol-
ume and Vj is the brine volume, p; is the density of pure
ice (917 kg m~3), and S is the sea ice salinity. The ther-
mal conductivity of pure ice k; and pure brine k; are
obtained from Coz and Weeks [1988]

ki = 418.6[5.35x 1073 —2.568 x 10~°(T'—273.15)] (13)
ky = 418.6[1.25 x 1072 + 3.0 x 107%(T — 273.15)] (14)

The empirical functions Fy and F5 are least squares
curves of the form [Coz and Weeks, 1983]

F(T) = ao+ a1 T + asT? + asT? (15)

The coefficients «; are given by Leppdranta and Man-
ninen [1988] for the temperature range from —2°C to
0°C and by Coz and Weeks [1983] for the temperature
range from —22°C to —2°C (Table 1). The specific heat
¢ was calculated as [Schwerdifeger, 1963]

L S(ew — ¢i)
' o(T —273.15)

SL;
aT — 273.15)2

cC=¢cC

(16)

with ¢; = 2.01 x 10® J kg=! K~! the specific heat of
pure ice, ¢, = 4.23 x 10 J kg~! K~! the specific heat
of water, I; = 333.4x103J kg™ the latent heat of pure
ice, and o = 18.2 K~! the constant describing the linear
relationship between the temperature and the salinity
of the brine. As the thermal properties p, k£, and ¢ of
sea ice vary with temperature and salinity, they are cal-
culated in every layer of the model, depending on the
current temperature and salinity profile. The salinity
profiles (Figure 3) for the Weddell Sea and McMurdo
Sound were obtained by least squares curves using field
data from Eicken et al. [1991a] and from G. Dieckmann
(unpublished data, 1989), respectively. The smoothed
salinity profiles (Figure 3) were used to eliminate salin-
ity fluctuations on small scales, which result in discon-
tinuous brine volume profiles and complicate the dis-
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Figure 3. Salinity profiles used in the calculations for
the Weddell Sea and for McMurdo Sound.
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cussion of the influence of the sea ice temperature on
the brine volume.

Divergence of irradiance. For different compu-
ter experiments, algae were considered to be homoge-
neously distributed within a single layer, positioned at
the bottom (4, 10 or 20 cm thick) or near the top (20
cm thick) of the ice sheet (see Figures 6 and 13). In the
interior of an algal layer the divergence of irradiance is

given by

aF,; z . -
Til = - / i(2atg, A) (K jice + f K alg)
X exp[—(Kx ice + K alg) (z — Zalg)] dA

(17)

with 7(zaig, A) denoting the spectral irradiance entering
into top of layer, K ice and K) ajg the extinction coef-
ficients of sea ice and microalgae at wavelength A, and
Zalg the depth of the upper interface between pure sea
ice and the algal layer. Energy transferred to photo-
synthesis is considered by the factor f = 1 — v, with v
being the photosynthetic efficiency. The photosynthetic
efficiency is defined as the ratio of energy stored to en-
ergy absorbed. Since there are no field measurements
from which v could be directly determined, we estimate
maximum and minimum values of v utilizing the linear
relationship between v and the quantum yield ¢ [Kirk,

1983]
v=197¢ (18)

The quantum yield ¢ is defined as mole carbon accu-
mulated per mole photons absorbed. When the theo-
retical maximum quantum yield ¢gmax = 1/8 is reached,
Vmax equals 0.25 [Morel, 1978]. Averaging measured
maximum quantum yields (summarized by SooHoo et
al. [1987]) results in a value of 1/13 for the quantum
yield ¢, corresponding to a photosynthetic efficiency
v = 0.15. In other words, under most favorable con-
ditions, 85% of the part of the energy that is absorbed
by algal pigments is converted into heat, while 15% is
stored as photochemical energy. On the other hand,
only a fraction of the absorbed energy is transferred di-
rectly to photochemistry. First, absorption due to other
particles like detritus may occur. Second, respiration of
the algae was ignored, which in addition, releases a con-
siderable fraction of the photochemical energy as heat.
Therefore the maximum value for f is 1.0, indicating
that the entire absorbed energy in the algal layer is con-
verted to heat. In the model integrations, f = 0.95 was
chosen, but to assess the effect of the storage of pho-
tosynthetic energy, calculations assuming f = 0.85 and
f = 1.0 were .included (see section 3.3). We neglected
fluorescence in our estimation, because in living, pho-
tosynthesizing algal cells, only a very small proportion
(~1%) of the absorbed light is lost by fluorescence [Kirk,
1983].

Ice-water interface. Once the temperature pro-
file has been determined, the temperature gradient at
the lower surface of the ice sheet 87/0z|g+n, can be
computed and bottom melting or accretion can be de-
rived by an energy balance at the ice-water interface
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drh)l 1o

= = - F,
d Agen,  PL 0z |y, )

(19)

where F,, is the oceanic heat flux. F, has been assumed
to vary between 0 and 40 W m~2 in the Weddell Sea
[Eicken, 1992].

In McMurdo Sound, platelet ice layers are often ob-
served [e.g., Dayton et al., 1969; Grossi et al., 1987; Jef-
fries et al., 1993]. Platelet ice layers commonly occur as
aggregates of platy ice crystals up to 5 mm thick and 150
mm in diameter. They consist of about 20-50% ice and
50-80% seawater. The platelet layer (about 0.5 m thick)
thermodynamically decouples the sea ice and the ocean
[Kipfstuhl, 1991]. Since the water within the platelet
layer is at the freezing point, a positive oceanic heat flux
decreases the fraction of the ice in the platelet layer but
does not directly affect the energy balance at the bot-
tom of the ice, thus Fy, is 0 in (19). Moreover, Jeffries
et al. [1993] suggested a negative oceanic heat flux in
McMurdo Sound through the flux of supercooled water
from beneath the ice shelves associated with platelet ice
formation, which explains why McMurdo Sound fast ice
is thicker than Ross Sea pack ice (see also Crocker and
Wadhams [1989]). For this reason and because the dif-
ference between model results for cases with or without
an algal layer is not affected to a large degree by the
oceanic heat flux, F,, was set to 0 in model simulations
for McMurdo Sound. However, to assess the possible
effect of a positive heat flux on model results, F, > 0
was studied in section 3.3.

Equation (19) was used to calculate increased bot-
tom melting rates as the absorption of light by algae
and its conversion into heat increased the temperature
gradient at the bottom of the ice sheet. The model was
integrated on a CRAY computer using a forward ex-
plicit finite difference scheme. The grid spacing was 1
cm in the vertical coordinate, the time step was 36 s.

2.2. The Bio-optical Model

Incoming solar shortwave radiative fluxes are signifi-
cantly reduced by absorption and scattering in the at-
mosphere and vary strongly with the time of day, sea-
son, and latitude. Arrigo et al. [1991] developed a
bio-optical model which accounts for seasonal changes
in the physical and biological processes influencing ra-
diative transfer in sea ice. This model was modified,
as described below, and coupled to the thermodyrnamic
model of sea ice. The spectral range was extended from
the visible (400 nm < A < 700 nm) to the near infrared
(A < 4000 nm), to determine the total incoming short-
wave flux. A parameterization of the effect of a cloud
cover on the total irradiance was modified to take into
account the effect of a cloud cover on spectral irradi-
ance fluxes. A calculation of the divergence of irradi-
ance (see (17)) in every layer of the model was included
to permit the determination of additional heating of the
ice, as light absorbed by microalgae is converted to heat.

Atmospheric irradiance model. Model simula-
tions focus on the temporal development of the ice
cover, including biophysical properties representative
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Figure 4. Incident irradiance on the sea ice surface for clear skies (cloud cover fraction ¢; = 0.0).
Incident irradiance for McMurdo Sound (c¢; = 0.63) and for the Weddell Sea (c; = 0.8) were
determined by the parameterization (22); see text for details.

for McMurdo Sound and the Weddell Sea. Thus it was
necessary to employ a time- and latitude-dependent at-
mospheric irradiance model, which permits the calcu-
lation of irradiance at the sea ice surface and within
the sea ice for any given latitude, date of the year,
and time (for results and discussion of the bio-optical
model, see Arrigo et al. [1991] and section 3.1). In
order to determine incident spectral fluxes during the
model simulated season (about 5 months) as a function
of the zenith angle, the spectral irradiance at the sea
ice surface Fr()) (Figure 4) is predicted by a simplified
spectral atmospheric irradiance model [Brine and Igbal,
1983].

Briefly summarized, the global spectral irradiance
at the ice surface Fg(A) is given by the sum of a di-
rect component and a diffusive component. The direct
component is determined by calculating absorption and
scattering of the extraterrestrial irradiance in the atmo-
sphere due to processes like Rayleigh scattering, absorp-
tion by ozone, water vapor, mixed gases, and aerosols.
Extraterrestrial irradiance was reported by Thekaekara
[1973], and spectral absorption coefficients were taken
from Leckner [1978]. The calculation of the diffusive
component includes ground reflection, aerosol scatter-
ing, and Rayleigh forward scattering (for details, see
Brine and Igbal [1983]). The employed atmospheric ir-
radiance model by Brine and Igbal simplifies processes
of radiation transfer in the atmosphere. Nevertheless,
the model sufficiently describes the incident irradiance
at the sea ice surface (see section 3.1).

The direct and the diffusive component of irradiance
are functions of the cosine of the zenith angle §, which
is calculated from the standard geometric formula [e.g.,
Kirk, 1983]

cosf = sinpsin § — cos p cosdcos T (20)
where ¢, §, and T are latitude, declination, and hour an-
gle, respectively. The hour angle 7 equals 27 x time of
day x (24 x 3600)~, and the latitude is 77°50’S for Mc-

Murdo Sound and 63°21’S for the northwestern Wed-
dell Sea, respectively. The declination é was determined
from formulas given by Spencer [1971].

Cloud cover. Cloud cover reduces the total irradi-
ance and affects the spectral distribution of the incident
irradiance at the sea ice surface [Grenfell and Perovich,
1984]. The empirical parameterization by Parkinson
and Washington [1979] is commonly used to describe
the influence of the cloud cover fraction ¢; on the total
incoming shortwave radiation Fr

Fr=Fro(1-0.6¢3), (21)
where Fgro is the global shortwave radiation under
cloudless skies. The parameterization for the total ir-
radiance (21) was modified to account for the effect of
a cloud cover on spectral irradiance, because a spec-
tral decomposition of incoming shortwave radiation is
included in this model.

The spectral irradiance at the sea ice surface is de-
creasing rapidly at longer wavelengths (>1000 nm),
when a cloud cover is present. Since a function of the
form exp(—A?) decreases rapidly at longer wavelengths,
the spectral irradiance for clear skies at wavelength A
was multiplied by exp[—A(cy) A?], with A(c;) being a
cloud factor determined by (22). This consideration
yielded better agreement with measured spectra (com-
pare Figure 4 and Grenfell and Perovich [1984, Fig-
ure 8]) than that obtained by the reduction of the in-
cident irradiance by a constant factor (independent of
the wavelength). Furthermore, we ascertained that this
parameterization is consistent with (21), since the cloud
factor A(c;) was numerically determined from

Fr=Fro(1-06¢;3) = /FR()\) exp[—A(cs) A%] dA
(22)

where Fgr(A) is the spectral irradiance at the sea ice
surface for clear skies (determined using the bio-opti-
cal model). Thus the parameterization (22) does not
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Figure 5. Spectral albedos for ice and snow in the spectral range from 400 to 1350 nm [Schlosser,

1988].

merely include the reduction of the total irradiance by
a cloud cover, according to (21), but also takes the en-
hanced influence of clouds on the spectral irradiance for
higher wavelengths into account. For the simulations in
the Weddell Sea and the corresponding cloud cover frac-
tion ¢; = 0.8, A(cy) was determined to be 5.24 x 1077,
while A(cy) was 2.02 x 10~7 for ¢; = 0.63 in McMurdo
Sound.

Albedo and attenuation. Values for the spec-
tral albedo ) are based on measurements by Schlosser
[1988] in the spectral range from 400 to 1350 nm (Fig-
ure 5). A parameterization for oy was taken from Ebert
and Curry[1993] in the spectral range from 1350 to 4000
nm (Table 2). The attenuation of spectral irradiance by
snow, sea ice, and microalgae is described by Beer’s law

i(z, A) = (20, A) e H>* (23)

with spectral irradiance i(z,A) at depth z and wave-
length A; 2z is the depth of the upper boundary of the
snow, sea ice, or algal layer (see Figure 13); and K is
the extinction coefficient of the corresponding medium.

Table 2. Spectral Albedos in the Near Infrared

Band 1, Band 2,
Surface Type 1350-2380 nm 2380-4000 nm
Snow
Direct 0.384-0.222p 0.053-0.047p
Diffuse 0.25 0.025
Sea ice 0.055 0.036

Values are taken from Ebert and Curry [1993]. Here p =
cos(#) is the cosine of the zenith angle.

Extinction coefficients for ice and snow have been taken
from Grenfell and Maykut [1977). Because backscatter-
ing by algal particles has been ignored, the spectral ex-
tinction coefficient due to particles can be approximated
by [Arrigo et al., 1991]

Cps a}

- bl

K Aalg = (24)
with chlorophyll a concentration Cy,s (mg chl ¢ m~=3)
and a} the chl a specific absorption coefficient [m? (mg
chl a)~1]; i = 0.656 is the mean cosine of the angular
distribution of irradiance [Grenfell, 1983]. The chl a
specific absorption coefficient a} (Figure 6d) was deter-
mined by in situ measurements [Perovich et al., 1993].
Differences appear when in situ values of a} are com-
pared to in vivo values, presumably because the geo-
metric distribution of algae in the ice column is not
preserved in meltwater suspensions or because dissolved
organics are excluded in in vivo measurements [ Perovich
et al., 1993]. Furthermore, differences for a} are appar-
ent for a variety of sea ice microalgal species [Arrigo et
al., 1991]. However, the direct absorption spectra (Fig-
ure 6d) are comparable to the inferred values reported
by Maykut and Grenfell [1975] and to the laboratory
measurements of SooHoo et al. [1987] and Arrigo et al.
[1991].

3. Model Results
3.1. Test of the Bio-optical Model

Because a validation of the bio-optical model is a pre-
requisite for a convincing discussion of different inte-
grations of the coupled model, a test of the bio-optical
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Figure 6. Model results for the light attenuation by sea ice and microalgae in McMurdo Sound
on December 12. Spectral incident irradiance (a) on the surface, (b) above the algal layer after
passing through 1.8 m of sea ice, and (c) just below the algal layer (note the change in the scale
of the vertical axes). Total irradiance in the visible range (400-700 nm) is 1216 g E m~2 s~1
in Figure 6a, 25 4 E m~2 s™! in Figure 6b and 1.2 4 E m~2 s~! in Figure 6¢c. Shaded areas
in Figures 6a and 6€b are expanded in Figures 6b and 6c, respectively. (d) In situ absorption

spectrum of microalgae [Perovich et al., 1993].

model is presented first. Figure 6 shows model results
for the attenuation of light in the visible range from 400
to 700 nm by the ice and by microalgae for a simulation
of the conditions in McMurdo Sound on December 12
at 1351 LT. The snow depth was 0 cm; algal standing
stock at the bottom of the congelation ice was 300 mg
chl ¢ m~2. Incident irradiance on the ice surface (Fig-
ure 6a) is 1216 p einsteins (E) m=2 s~! (270 W m~?).
Since model results are compared to measured values
reported in units of einsteins by SooHoo et al. [1987],
irradiance values in watts had to be expressed in units
of einsteins in this case. The conversion from g E m~2
s~!into Wm~2 is

Y (\) =#()) x 1076 x

Nahe
5 (25)

with i (A) and ##()) the spectral irradiance in W m™2
nm~! and g E m~? s~! nm™!, respectively. Ny =

6.022 x 1023 mol~! is Avogadros constant, h = 6.626 x
1034 J s is Planck’s constant, and ¢ = 2.998x 108 ms~!
is the speed of light. The total irradiance is calculated
by integrating (25) over all wavelengths.

After passing through 1.8 m of sea ice (Figure 6b), to-
tal irradiance is reduced to about 25 y Em~2s~1 (TW
m~2). Furthermore, the high attenuation by sea ice at
longer wavelengths shifts the maximum of the spectrum
to 500 nm. Beneath the algal layer (Figure 6¢), quanta
are concentrated between 580 and 620 nm. Total irra-
diance has decreased to 1.2 y Em~2s~! (0.3 W m™2).
The maximum at 600 nm corresponds to a minimum in
the absorption spectrum of the ice algae (Figure 6d).
Absorption centered at 440 and 670 nm is due to chl a,
while the attenuation between 450 and 550 nm is due
to chl ¢ and carotenoid accessory pigments, particularly
fucoxanthin [Perovich et al., 1993].

Figure 7 shows comparable results from measure-
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Figure 7. Spectral irradiance measured by SooHoo et
al. [1987] in McMurdo Sound on December 12. (a)
Incident irradiance on the surface of ice, with total ir-
radiance of 1364 u E m~2 s™1. (b) In vivo absorption
spectrum of microalgae from bottom 20 c¢cm of fast sea
ice. (c) Spectral irradiance measured just under the
algal layer, with total irradiance having decreased to
1.379 u Em~2s71.

ments carried out in McMurdo Sound on December 12
at 1351 LT [SooHoo et al., 1987]. Incident irradiance
on the sea ice surface is 1364 ¢ E m~2 s~!. The model
predicts about 90% of this value (1216 4 E m~2 s71).
The difference between model results and observational
data may be explained by the model’s use of a compar-
atively simple spectral atmospheric irradiance calcula-
tion. Air mass, which is only computed as a function
of zenith angle, significantly affects the total irradiance
at the sea ice surface and cannot be reproduced exactly
by the model for particular atmospheric conditions at a
given time of day.

Beneath the algal layer, total irradiance is 1.4 4 E
m~2 s™! (Figure 7c), while it is 1.2 g E m™% s™! in
the model (Figure 6¢). However, if the total irradi-
ance at the surface is set to 100% in the model and in
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measurements, the fraction of incident irradiance that
penetrates the algal layer is 0.099% in the model results
and 0.10% in the field observations. The maximum of
transmitted radiation predicted by the model is shifted
toward longer wavelengths (Figure 6¢) when compared
with the data of SooHoo et al. [1987] (Figure 7c). This
shift is due to the absorption spectrum of microalgae
used in the model (Figure 6d) [Perovich et al., 1993],
which is also displaced to the longer wavelengths when
compared with the absorption spectrum measured by
SooHoo et al. [1987] (Figure 7b). Despite slight dif-
ferences between model results and field measurements,
the model adequately reproduces total irradiance and
the spectral distribution of light at the ice surface, in
the interior of the ice, and beneath the algal layer. As
can be seen from Figures 6b and 6c, about 24 4 E m~2
s7! (T W m~2) are absorbed by the algal layer (note
that this value varies with chl a concentration and in-
cident irradiance). This absorbed energy, which would
otherwise penetrate the whole ice sheet and enter the
water column, must be considered as a contribution to
the heat budget of sea ice that affects the melt rate at
the bottom of the ice sheet.

3.2. Modeling the Ice Thickness Evolution

A particular goal of this work is to clarify the influ-
ence of high algal biomass concentrations restricted to
the lower portion of sea ice on bottom melting. In or-
der to address this question, we present model results of
the coupled model using input parameters reported by
SooHoo et al. [1987], which had been employed to test
the bio-optical model (see section 3.1), including high
algal biomass of 300 mg chl @ m~2. Since the accumu-
lation and the distribution of algal biomass exhibit high
temporal and spatial variability, we will discuss the ef-
fect of this parameter (and others) in a later section.
Development of sea ice thickness in McMurdo Sound
for algal free ice and for ice with an algal standing stock
of 300 mg chl a m~2 is shown in Figure 8. Ice thick-
ness increases until the beginning of December (day 340,
thickness about 200 cm), when bottom melting starts.
Bottom melting results in a successive release of algal
biomass into the water column and, consequently, in
a decrease of the algal standing stock, which was ac-
counted for in the model. The final ice thickness on
February 4 was 198 cm for the algal free ice and 194
cm for the ice containing algae. The physical reason for
the enhanced melting rate is an increase of the temper-
ature gradient in the lower layers of the ice brought on
by the additional absorption of light and its conversion
into heat by the algae.

Irradiance and temperature profiles. On De-
cember 17, total irradiance at the depth of the ice-algal
layer interface (Figure 9a) was about 4.5 W m~2 in both
algal free ice and ice containing algae. At the ice-water
interface, total irradiance has decreased to less than 1
W m~? for the ice containing algae (Figure 9a, solid
line), whereas total irradiance was about 3.5 W m~?2 for
the algal free congelation ice (Figure 9a, dashed line).
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Figure 8. Model results for the development of sea ice thickness in McMurdo Sound. Ice
thickness increases until the beginning of December (day 340), when bottom melting starts. In
comparison to the model run with algal free ice (final thickness 198 cm), an increase in the melt
rate at the bottom of the ice was calculated in a model run with an algal standing stock of 300

mg chl a m~2 (final thickness 194 cm).

The key variable that provides the link between light
absorption by microalgae and sea ice temperature is
the divergence of irradiance 0F;(z)/0z (see (9)). Since
the problem is one-dimensional, the divergence of irra-
diance is the derivative of the irradiance with respect to
z (neglecting the storage of photosynthetic energy). For
algal free ice, 0F;(z)/0z is nearly constant (Figure 9b,
dashed line), corresponding to the linear decrease of the
total irradiance (Figure 9a, dashed line). In contrast,
for the ice containing algae a pronounced maximum in
JF;(2)/0z occurred at the top of the algal layer (Fig-
ure 9b, solid line), where total irradiance exhibited the
greatest change (Figure 9a, solid line).

free ice increased almost linear with depth (Figure 10a,

a)

Depth (cm)

Irradiance (W m )

dashed line). In contrast, a maximum in the temper-
ature profile for ice containing algae occurred approxi-
mately 2 cm beneath the ice-algal layer interface (Fig-
ure 10a, solid line) due to the peak in the divergence of
irradiance at the top of the algal layer (Figure 9b, solid
line). Since heat is transported away through heat con-
duction by diffusion, the maximum in the temperature
is less pronounced than the maximum in the divergence
of irradiance.

It follows from the positive temperature gradient at
the bottom of algal free ice that the ice sheet was grow-
ing in thickness on December 17 (see (19)). On the
other hand, the temperature gradient at the bottom of

——Consequently, the temperature profile for the algal—algae-containing ice was negative; Tmdicatimg that bot-

tom melting had already started. In summary, the en-
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Figure 9. Model results for the (a) total irradiance and (b) divergence of irradiance in the
lower portion of sea ice for algal free ice (dashed line) and ice containing algae (solid line) for
a simulation in McMurdo Sound on December 17. The algal layer is represented by the shaded

area.
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Figure 10. Model results for the (a) sea ice temperature and (b) brine volume, corresponding
to Figure 9. Sea ice salinity is about 6 ppt and is nearly constant in the lower part of the ice for

model simulations in McMurdo Sound.

hanced light absorption in the algal layer was responsi-
ble for the peak in the divergence of irradiance at the
interface between pure ice and the algal layer. The heat
released at this point produced the maximum in the
temperature profile and enhanced the melt rate via the
temperature gradient at the bottom of the ice sheet.

Brine volume and bottom melting. Since the
sea ice salinity is nearly constant in the lower portion
of the ice (~6 ppt in model calculations for McMurdo
Sound), the brine volume (Figure 10b) closely follows
the temperature profile (Figure 10a). The brine volume
for ice containing algae is generally higher (168 ppt at
z = 182 cm) in comparison to algal free ice (152 ppt at
z = 182 ¢cm). The increased brine volume may weaken
the ice and enhance brine and nutrient fluxes in the
lower portion of the ice.

The calculated temperature and brine volume maxi-
mum at the top of the algal layer suggests intensified in-
ternal melting at this site and may promote an episodic
loss of the entire 20-cm-thick algal layer into the water
column. However, this scenario appears to be unlikely.
The sea ice temperature of about —1.7°C is far below
the melting point of about —0.3°C and —0.5°C at a
salinity of 6 and 10 ppt, respectively. Furthermore, the
brine volume increases almost linearly from 164 ppt at
the bottom to 168 ppt at the top of the algal layer, in-
dicating that increased brine volume occurs within the
entire algal layer and is not restricted to the top.

Internal temperature and brine volume maxima at
the top of the algal layer are rather likely to increase
bottom melting. The temperature at the bottom of
the ice is fixed at —1.8°C, and the increased sea ice
temperature at the ice-algal layer interface results in a
steep temperature gradient at the bottom, which in turn
enhances the bottom melt rate. To estimate the effect
of a rise in temperature at the top of the algal layer
on bottom melting, the bottom melt rate dH /0t can
be calculated according to (19). Let us suppose that
the thickness of the algal layer equals 4 cm, because
a thin algal layer (high algal concentration) is needed
to produce a strong temperature maximum. If T'(z) =
—0.8°C- at the top of the layer and T'(z) = —1.8°C at
the bottom, 8T(z)/8z is approximately 25 K m~!, and
the predicted bottom melt rate would be as follows:

oH _ & o1ty
ot — Lp 0z

=1.58cm d7},

assuming the latent heat of melting L = 283 x 103 J
kg1, the sea ice density p = 917 kg m~3 and the ther-
mal conductivity £ = 1.9 W m~! K~!. The selected
values for L, p, and k are representative for a sea ice
temperature at the ice-water interface of —1.8°C and a
sea ice salinity of 6 ppt (the salinity at the bottom of
the ice sheet in model calculations for McMurdo Sound
was about 6 ppt; see Figure 3). Thus the entire algal
layer is melted off from the bottom up after only 2.5
days. This example demonstrates that an internal tem-
perature and brine volume maximum at the top of the
algal layer is accompanied by massive bottom melting
and a successive release of the entire algal biomass from
the bottom of the ice before the increased brine volume
results in a sufficient decrease of mechanical strength at
the ice-algal layer interface to cause a loss of the algal
layer as a whole.

Analytical calculation of Az. The difference in
ice thickness (Figure 8) brought about through light ab-
sorption by microalgae was about 4 cm based on solving
the heat conduction equation. A simple calculation of
the entire ice volume that can be melted by the algae
yields nearly the same result. The mean total irradiance
above the algal layer is about 4 W m~2 during the time
of melting from mid-December to mid-January (deter-
mined using the bio-optical model). If this energy is
completely converted into latent heat to melt the ice,
the thickness Az of the melted ice layer is given by

_ I (Za[g )t
Lp

with total irradiance I(zag) =4 W m~2, the depth of
the ice-algal layer interface z,5 ~ 1.8 m, time ¢ = 40
days, density p = 917 kg m~3, and latent heat of melt-
ing L = 283 x 103 J kg~!. The value of L corresponds
to the latent heat of melting required for the complete
melting of sea ice, starting at a temperature of —2°C
and a salinity of 6 ppt. Thus Az is 5.3 cm. This value1s
slightly higher than the value of 4 cm predicted by the
thermodynamic model, because we assumed in the sim-

Az (26)
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ple calculation that the entire absorbed energy is used
to melt the ice, not taking the heat conduction and the
storage of photosynthetic energy into account.

3.3. The Response to Variations in Model
Parameters

Input parameters of the model such as the sea ice
thickness, the algal standing stock, and the thickness of
the algal layer are quantities which are likely to affect
the bottom melt rate. In the model integration, corre-
sponding to measurements of SooHoo et al. [1987], the
mean ice thickness was 195 cm, algal standing stock was
300 mg chl @ m~2, and the thickness of the algal layer
was 20 cm. Nevertheless, a variety of values for these
parameters have been reported. From 1980 to 1989 the
observed sea ice thickness in McMurdo Sound ranged
from 150 to 270 cm [Arrigo et al., 1993] and the re-
ported algal standing stocks in the bottom ice habitat
varied between 5 and 600 mg chl a m~2 [SooHoo et al.;
1987; Palmisano et al., 1988; Dieckmann et al., 1992];
Palmisano and Sullivan [1983] reported a mean value of
131 mg chl a m~?% (656 mg m~3) in the bottom 20-cm
ice section of congelation ice. Differences in the thick-
ness of the bottom ice habitat also have been reported.
Whereas SooHoo et al. [1987] observed a 20-cm-thick
congelation ice algal layer in McMurdo Sound, other
authors reported high algae concentrations restricted to
the bottom 1- to 5-cm portion of sea ice [Palmisano et
al., 1985; Arrigo et al., 1993]. To estimate the effect of
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sea ice thickness H, algal standing stock, and thickness
of the algal layer h, on bottom melting, additionally
melted ice Az was calculated for environmentally rele-
vant values of these parameters.

The influence of the thickness of the algal
layer. The influence of the thickness of the bottom ice
habitat h, on Az was studied separately by diminishing
the vertical dimension of the algal layer, while keeping
the algal standing stock and the sea ice thickness con-
stant, corresponding to the values reported by ScoHoo
et al. [1987]. To avoid numerical problems, a minimum
hq of 4 cm was chosen (grid spacing 1 cm). A reduction
of h, from 20 to 10 ¢cm and from 20 to 4 cm results in
an increase in Az from 4.1 to 5.5 cm and from 4.1 to
5.4 cm, respectively. Since algal concentration increases
with a decrease in h, (note that the algal standing stock
is constant) and the internal temperature maximum at
the ice-algal layer interface is shifted toward the ice bot-
tom (see Figure 10a), the temperature gradient in the
lower layers of the ice shows a strong increase, resulting
in more rapid melting. The result that a thinner algal
layer (4 cm) leads to less melted ice at the end of the
integration on January 20 than the thicker algal layer
(10 cm) is easily understood by following the time se-
ries of melting (Figure 11). When h, is 4 ¢cm, melting
occurs rapidly and the entire algal layer is melted off
after only 35 days; subsequently, the melting rate slows
down (day 10, thickness 194 cm).

The influence of H, h,, and the algal stand-
ing stock. The normalized difference in the sea ice
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Figure 11. Development of sea ice thickness for a variation of the thickness of the algal layer

ha. The melt rate increases with decreasing h,.

When h, = 4 cm, the entire algal biomass is

released into the water column after only 35 days. Subsequently, the melt rate slows down (day

10, sea ice thickness 194 cm).
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Ice thickness (cm)

Figure 12. Model results for the normalized difference in the sea ice thickness (z* = Az/h,)
as a function of the algal standing stock, the sea ice thickness H, and the thickness of the algal
layer h,. The ability of the algae to hasten bottom melting and thus to increase z* may solely
occur for high algal standing stocks and small sea ice thicknesses, when the algal layer is thick
(ha = 20 cm). On the other hand, a significant increase in z* may also occur for small algal
standing stocks, when the algal layer is thin (h, = 4 cm).

thickness (z* = Az/h,) as a function of all three essen-
tial parameters (H, h,, and the algal standing stock) at
the end of the model integration on January 20 is sum-
marized in Figure 12. The quantity z* represents a key
variable. If z* exceeds the value 1.0 (marked by the grid
in Figure 12), then the additional ice melted through
light absorption by microalgae exceeds the thickness of
the algal layer. Thus Figure 12 provides a tool to de-
termine under which conditions of H, h,, and the algal
standing stock, ice melting may result in complete de-
struction of the microalgal habitat.

For h, = 20 cm, z* is always below 1.0, indicat-
ing that the entire algal layer cannot be melted off
within the selected ranges of H and the algal standing
stock. Nevertheless, a considerable amount of ice may
be melted off as a result of light absorption by microal-
gae, up to a maximum of 60% (12 cm) of the microalgal
habitat, when H = 140 cm and the algal standing stock
is 400 mg chl @ m~2. The surface illustrating z* for h,
= 20 cm approached a saturation value of about 0.6
as algal standing stock approached 400 mg chl ¢ m~2.
This stems from the fact that the maximal heat release
through light absorption by microalgae (for a given sea
ice thickness) is limited by the light energy available at
the depth of the algal layer (see (26)). As algal stand-
ing stock increases at any given H, a point is reached
above which all of the available light energy is absorbed
by microalgae and the maximum bottom melt rate is
achieved.

1175
- 400
200
(mg chlam™)
Algal standing stock and concentration. Fora

thickness of the algal layer of 10 cm, 2* approaches the
value 1.0, only for high algal standing stocks and small
sea ice thicknesses (Figure 12). On the other hand, z*
exceeds 1.0 also for an algal standing stock of 100 mg chl
am~2 (H = 140 cm) and 200 mg chl a m~2 (H = 240
cm), respectively, if the algal layer is thin (h, = 4 cm).
What these results demonstrate is that H determines
the percentage of surface light reaching the algal layer,
whereas the algal standing stock determines the overall
absorption of available light within the algal layer. The
vertical dimension h, over which energy is released as
heat determines the distance of the heat source from the
ice-water interface and the intensity of light attenuation
within the algal layer at depth z, thereby regulating the
effectiveness of released heat on bottom melting.

For H = 240 cm there is no significant increase in z*
for the thick algal layer (20 cm), while z* increases dra-
matically for the thin algal layer (4 cm). Even though
the algal standing stock ranges from 0 to 400 mg chl a
m~2 in both cases, the concentration of algae dominates
the effect on bottom melting for thick ice and must be
distinguished from the algal standing stock. Both val-
ues are connected by the distribution of algal biomass
within the ice, which in the case of a homogeneous dis-
tribution within an algal layer of a certain thickness h,

is given by
C

m?2
ha

Cma (Z) = (27)
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where Cp,3(z) is the algae concentration at depth z and
Cn2 is the algal standing stock.

Unfortunately, most authors report algae concentra-
tions in depth intervals of approximately 20 cm, imply-
ing that h, is about 20 cm, thereby masking the exis-
tence of extreme concentrations within the bottom few
centimeters of congelation ice. In contrast, Smith et al.
[1990] determined the fine structure of the bottom ice
habitat with a vertical resolution of about 2 mm at a
site in the Canadian high Arctic. The layer of high chl a
concentration was restricted to the bottom 1 cm of the
ice, reaching values of 3000-60,000 ug L1 at the ice-
water interface, while the algal standing stock ranged
from less than 5 to about 200 mg chl @ m~2 during the
time of observation.

Even though these data have been collected in the
Arctic, they demonstrate that algal concentrations and
thus the extinction coefficient of the algal layer can dras-
tically be increased for thin algal layers (note the inverse
relationship between C,,s(z) and h, in (27)). Such an
effect can only be observed, however, if the fine struc-
ture of the bottom ice habitat is investigated.

Sensitivity to other input parameters. In this
section we Investigate the extent to which the oceanic
heat flux F,, the relative humidity f5, and the heat
conversion factor of the algae f affect the outcome of
the model integrations. We focus on these parameters
because they are not well known or likely to affect the
difference between model runs including and exclud-
ing microalgae in the numerical scheme. Furthermore,
we focus on the response of the additionally melted ice
Az to changes in parameters for the model run corre-
sponding to conditions in McMurdo Sound reported by
SooHoo et al. [1987] (see section 3.2). The results ob-
tained from different model runs, varying one parameter
at a time within a plausible range, are listed in Table 3.

Because a positive heat flux causes higher bottom
melt rates in model runs for algal free ice as well as for

Table 3. The Influence of Different Parameters on
Additionally Melted Ice Az

Value Az, cm

Fy

0 Wm™2 4.1%*

5 Wm™? 4.5

10 W m™? 4.2
fn

70% 4.1

80% 4.1%

90% 4.2
f

0.85 3.6

0.95 4.1%

1.0 4.4

F, is oceanic heat flux, f is relative humidity, and f is
the heat conversion factor of the algae.
* These values were used for the reference run.
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ice containing algae, the response of Az to changes in
the oceanic heat flux is small. The ice thickness of about
170-200 cm typically observed in the late spring in Mc-
Murdo Sound was not achieved in model runs assuming
F, > 10 W m~2 [cf. Crocker and Wadhams, 1989).
Therefore a maximum oceanic heat flux of 10 W m~2
was chosen. Varying Fy, from 0 to 10 W m~2 caused
10% variations in Az. An oceanic heat flux of F,, = 10
W m~2 resulted in a smaller Az (4.2 cm) than F,, =5
W m~? (Az = 4.5 cm), demonstrating that the algal
layer was melted off more rapidly through the higher
oceanic heat flux. Subsequently, the melting rate slowed
down, similar to the effect of a higher bottom melt rate,
caused by a smaller algal layer (see Figure 11). The in-
fluence of the relative humidity f, is negligible. The
latent heat flux is a function of the relative humidity
(see (7)) and influences the surface temperature via the
surface energy balance. The calculated Az indicate that
the bottom melt rate is not affected to a large degree
by small variations in the surface temperature. The ad-
ditionally melted ice Az is 4.1 and 4.2 cm, assuming
frn=0.7 and f, = 0.9, respectively.

The sensitivity of Az due to changes in the factor
f, describing the heat conversion through light absorp-
tion by microalgae, exhibits an almost linear trend. A
5% and 15% reduction of f results in a 7% and 18%
decrease in Az (f = 1.0 indicates that 100% of the ab-
sorbed energy is converted to heat). This near-linear
relationship between Az and f provides an estimation
for the influence of f on bottom melting and indicates
that the model’s outcome is not extremely sensitive to
this parameter within the range of the theoretical min-
imum value (0.85) and the maximum value (1.0) of f.

3.4. Effects on Sea-Ice Porosity

In the Antarctic, high concentrations of algal biomass
at or near the surface of sea ice are often observed,
mostly due to processes associated with the flooding of
the ice cover. Simulations were carried out to investi-
gate the effect of such surface communities on the ther-
mal regime of sea ice (Figure 13a). A 20-cm-thick algal
layer was included in the numerical scheme. The layer
was positioned at the top of the ice sheet, below the
snow cover. The model was integrated from the end of
the winter to the beginning of the summer, simulating
light conditions for 63°S and forced by air temperature
data for the Weddell Sea [Kottmeier and Hartig, 1990)].
Model results for sea ice temperature and brine volume
on December 23 are plotted in Figures 13b and 13c,
respectively. The snow depth was 5 ¢cm, and the algal
standing stock was 250 mg chl @ m~2. The temperature
profile for the algal free ice is almost linear, while an in-
ternal temperature maximum was calculated for the ice
containing algae. The difference in sea ice temperature
at a depth of 12 cm was 0.33 K.

However, such comparatively small changes in sea ice
temperature correspond to more dramatic changes in
brine volume. The specific heat of sea ice increases
sharply, when T approaches 0°C, because absorbed en-
ergy is expended by internal melting. As brine volume
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Figure 13. (a) Illustration of model configuration for high surface biomass concentrations. (b)
Temperature profile on December 23 for algal free ice (dashed line) and for ice containing 250 mg
chl @ m~2 (solid line). The difference in sea ice temperature at a depth of 12 cm is 0.33 K. The
snow depth is 5 cm. (c) Brine volume corresponding to the temperature profile in Figure 13b.
The maximum in brine volume for algal free ice is 199 ppt and for ice containing algae 274 ppt.

depends on sea ice salinity and temperature, enhanced
brine volumes were calculated for the top of the ice sheet
(Figure 13c). Maximum brine volumes amount to 199
ppt at a depth of 22 cm for the algal free ice and 274
ppt at a depth of 14 cm for the ice containing algae.
The mean brine volume in the upper 50 cm of the ice
was 181 ppt for the algal free ice and 219 ppt for ice
containing an algal standing stock of 250 mg chl a m~2,
corresponding to a 21% increase in brine volume.

To assess the integral effect of varying biomass and
snow depth on the thermal regime and the increase in
brine volume on the sea ice cover, a series of experiments
was carried out. The change in brine volume in the
upper 50 cm of an ice sheet containing algal biomass (as
illustrated in Figure 13a) was calculated with respect to
the predicted brine volume in an algal free ice column.
Snow depth varied between 2 and 80 cm; algal biomass
varied between 0 and 500 mg chl a m~2. Massive surface
and subsurface melting occurred in model calculations
for snow free ice in late December. Snow free ice results
in increased penetration of shortwave radiation into the
upper layers of the ice due to the smaller albedo and
extinction coefficient of the ice in comparison to snow.
Since the model is based on molecular heat transfer and
processes such as convectional heat transfer may occur
due to the magnified brine volume, a simulation of snow
free ice s not presented.

The results of this model integration show that signif-
icant changes in the brine volume occur only for small

snow depth and high chlorophyll concentrations (Fig-
ure 14). A more detailed description is presented in
Figure 15. A considerable rise in brine volume (>20-
30%), brought about by the algae, should be expected
for snow depths less than 5 cm and algal standing stocks
exceeding 150 mg chl @ m™2, indicating that high light
intensities and large amounts of biomass are required
to produce any significant increase in melt rates or in
brine volume.

4. Discussion

The model results strongly support speculations [Sul-
lwvan et al., 1983; Cota and Horne, 1989; Eicken et
al., 1991b; Roesler and Iturriaga, 1994] that high al-
gal biomass in sea ice enhances ice melting and has-
tens the destruction of the microalgal habitat. Model
simulations of conditions reported for McMurdo Sound
showed that enhanced light absorption and its conver-
sion to heat by microalgae increased the temperature
gradient at the bottom of the ice sheet, resulting in an
additional bottom melting of about 4 cm over a melt pe-
riod of approximately 40 days. Although the additional
melting is negligible for the mass balance of sea ice, it
may affect biological processes below the ice and have
significant ecological consequences. For example, it has
been proposed that biomass released from the ice into
the water column may serve as a seed population, initi-
ating an algal bloom in the water column, or serve as a
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Figure 14. Calculated change in brine volume (in percent) as a function of snow depth and algal
standing stock in the upper 50 cm of the ice. The model configuration is shown in Figure 13a.
The thickness of the algal layer was 20 cm; the mean salinity was 4 ppt. The change in brine
volume was calculated with regard to a model run for algal free ice and the corresponding snow

depth.

food source for pelagic and benthic organisms (reviewed
by Legendre et al. [1992]). Our results imply that the
timing and time period over which the biomass release
occurs would be regulated by the amount of biomass
accumulation.

Light absorption in an ice free ocean occurs primarily
in the upper tens to hundreds of meters and is usually
dominated by light attenuation through seawater. Since
algal biomass is distributed throughout a large volume
of seawater, the chl a concentrations are comparatively

20 T
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Figure 15. Changes in brine volume in the critical parameter range. A significant increase in
brine volume (>20-30%) when algae are located at the top of the ice sheet may occur for snow

depths less than 5 cm and algal standing stocks exceeding 150 mg chl a m™2.

2
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small. In contrast, sea ice contains high algal biomass
concentrated within only a few meters. It is this vertical
compression that makes light absorption by microalgae
relevant for the heat budget of sea ice.

A set of model runs with high surface biomass concen-
tration (see Figure 13a) indicated that localized heating
from light absorption increases ice temperatures and,
consequently, brine volume within the ice sheet. Eicken
et al. [1991b] pointed out that porosity (i.e., brine
volume) is a key variable in controlling ice strength.
Compressive failure stresses anticorrelate with the total
porosity of the ice [Mellor, 1986]. Thus sea ice microal-
gae could lower the ice strength by enhanced absorption
of light and its conversion into heat. However, this effect
only occurs when the algal standing stock is high (>150
mg chl ¢ m~?) and the snow load is small (<5 cm). The
mean algal standing stocks observed in the Weddell Sea
are 10-20 mg chl ¢ m~2, but local algal blooms may
yield algal biomass that exceeds the critical value of
150 mg chl @ m~2. Whitaker and Richardson [1980] re-
ported values up to 244 mg chl a m~2 observed in the
sea ice at Signy Island, South Orkneys, Antarctica.

The brine volume (Figure 13c) was calculated from
salinity and temperature profiles. The salinity pro-
file (Figure 3) was obtained by fitting field data from
FEicken et al. [1991a]. The mean salinity was about
4 ppt. Although this value is representative for the
Weddell Sea, the evolution of such a salinity profile due
to processes associated with brine expulsion or grav-
ity drainage was excluded in the model. Since sea ice
salinity exhibits high temporal and spatial variability,
the calculated brine volume should be interpreted tak-
ing into account the limitations due to a static salinity
profile which represents an average value inferred from
field observations.

In areas where snow depth is small and biomass high,
ice algae could influence the length and course of the
ablation season. Under these conditions, decreased me-
chanical strength due to localized heating would hasten
ice sheet breakup. Consequently, melting of the frag-
mented ice sheet would be enhanced, since heat from the
surrounding water can be transferred more efficiently
to smaller ice floe fragments [cf. Maykut and Perovich,
1987]. Increased brine volume also affects physical as-
pects of the habitat of sea ice organisms that may influ-
ence algal growth. Shape, volume, and extent of brine
channels not only alter the penetration of light and rates
of exchange of nutrients and gases, but also determine
the amount of habitable space for organisms and the de-
gree to which they are able to move or migrate within
the ice [ Weissenberger et al., 1992]. Thus the increased
brine volume caused by enhanced light absorption ex-
tends the sea ice habitat and enhances brine and nutri-

ent fluxes.

5. Conclusions

By coupling a bio-optical model to a thermodynamic
sea ice model, various results have been obtained to im-
prove the understanding of biophysical interactions in
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sea ice. The proliferation of diatoms in the sea ice habi-
tat and the resulting attenuation of light lead to a highly
heterogeneous, vertical distribution of light in the ice
column. The sea ice microalgae that are concentrated
within a small layer (1-20 cm) at the bottom of the con-
gelation ice in McMurdo Sound are predominantly di-
atoms, which produce photosynthetic pigments (chloro-
phyll a, chlorophyll ¢, and fucoxanthin) that strongly
absorb light in the blue-green wavelengths. The ma-
jority of this absorbed light energy is converted into
heat. By a validation of the bio-optical model we
could affirm that, despite the simplifications of the bio-
optical model, the results are consistent with field ob-
servations. Likewise, the spectral irradiance in sea ice,
determined by the bio-optical model, is in accordance
with model results from a more complicated four-stream
model [Grenfell, 1991]. Thus the predicted light regime
in sea ice could be used as a valid input for the thermo-
dynamic model.

Microalgae may directly affect physical properties
such as brine volume and can speed bottom melting
by enhanced light absorption. The model integrations
yielded magnified melt rates at the bottom of the ice
sheet, implying that algae can increase the temperature
gradient by absorption of shortwave radiation and its
conversion into heat. As a consequence of the increased
bottom melt rate, biomass may be released into the wa-
ter column. The magnitude of melting is negligible for
the energy and mass balance of the sea ice but may be
of considerable ecological significance. Frequently, the
timing and development of biological phenomena are
determined by physical constraints. A remarkable re-
sult of this investigation is that the timing of bottom
melting, a physical event, may be dominated by a bi-
ological process, at least under conditions typical for
McMurdo Sound.

The results presented here should be assessed in the
context of the simplifications made to develop the one-
dimensional model. The complexity of biological and
physical phenomena are reduced for the mathematical
description. A one-stream model (Beer’s law) is a poor
approximation for thin ice [Grenfell, 1979] but suffi-
ciently describes thick ice (>1 m). Doubtless, there
are uncertainties in determining heat fluxes by using
standard bulk aerodynamic formula. However, these
approximations do not change the results essentially,
since the difference in model results with and without
including microalgae in the numerical scheme is the key
result of the model integrations.

New features were included to determine additional
heating and melting of sea ice through light absorption
by microalgae. The calculation of the divergence of ir-
radiance in every layer of the model provides the link
between the thermodynamic model and the bio-optical
model. In addition, photosynthesis is considered by an
estimation of the photosynthetic efficiency, since a part
of the absorbed energy is stored as photochemical en-
ergy and does not contribute directly to the heating of
the ice.

Future applications of this model could include ab-
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sorption of shortwave radiation by particulate inclu-
sions, i.e., ice-rafted sediments in Arctic sea ice, or a
more detailed study of the influence of microalgae on
the length and course of the ablation season, thus fur-
thering our understanding of radiative transfer and bio-
physical processes in sea ice.
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