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Abstract

Primary production estimates of ice algae within the bottommost layers of the Arctic ice cover are commonly
derived using irradiance measurements taken immediately below the solid ice bottom. However, radiation
absorbed by ice algae is significantly affected by the high-scattering sea ice environment they are embedded within
because scattering increases the pathlength traveled by photons and therefore the probability of photon
encounters with algal cells. Failing to account for this enhanced absorption may considerably affect estimates of
the timing and magnitude of ice algal production. To demonstrate the effect of scattering and attenuation,
multipliers for absorption amplification (W) and layer average opacity (x) were derived from observations of
chlorophyll a concentration and the vertical attenuation coefficient over the bottom 2.5 cm of landfast sea ice. W
reached values over 19 at low chlorophyll a, but became , 2 at high biomass levels, whereas x became larger as
biomass levels increased. Using W to construct an apparent photosynthesis vs. irradiance relationship showed that
light limitation is greatly reduced relative to the case where scattering is not considered. This highlights an
important interaction not previously noted for ice algal production in their high-scattering environment.
Knowledge of this absorption amplification can help explain ice algal phenology during the spring bloom and will
improve ice algal production estimates and model parameterizations.

The Arctic ice-covered marine environment is rapidly
changing with recent accelerated declines in sea ice cover
(Comiso et al. 2008) and consistent disappearance of old
(thick) multiyear ice (Maslanik et al. 2007). These changes
will have an effect on the polar marine ecosystem; however,
the extent of this effect and future changes on the
ecosystem are not well understood. Modeling variability
and environmental change in polar marine ecosystems is
therefore critically important.

A key ecological component of the Arctic ice cover is the
spring bottom ice algal bloom, which provides an initial
food source when phytoplankton growth is at a minimum
(Gosselin et al. 1997). Ice algae predominantly reside within
a few-centimeters-thick layer at the bottom of Arctic sea ice
(Welch and Bergmann 1989). During commencement of the
spring bloom, bottom ice algal growth is light limited due
to both low diurnal solar insolation during late winter and
early spring and the strong attenuation of light as it is
transmitted through the snow and sea ice. Thus, determin-
ing the amount of solar energy absorbed in the ice algae
layer is of significant importance for predicting the seasonal
development of the sea ice algae.

The photosynthesis vs. irradiance (P-E) relationship
provides insight into the physiology of photosynthetic
organisms (Falkowski and Raven 2007), including its use to
estimate light limitation in ice algal growth models (Arrigo
et al. 1993; Lavoie et al. 2005; Nishi and Tabeta 2005). P-E
relationships are usually measured using algae suspended in
water where scattering is low compared to that of sea ice,
and absorption by algal cells is directly obtained as the
product of measured algal absorption coefficient, aw (m21),
and scalar irradiance, E0 (mmol m22 s21). Measurements on

ice algae are no exception, having been made on melted ice
(Kirst and Wiencke 1995) or extracted brine samples
(Ralph et al. 2005; Manes and Gradinger 2009), whereas
the number of in situ studies remains limited (Mock and
Gradinger 1999; McMinn et al. 2000; Kühl et al. 2001).

Since sea ice is a solid material, it is not easy, nor
practical, to measure E0 within the ice matrix without
disturbing the light field. Typically, E0 has thus been
estimated from measurements below the ice (Smith et al.
1988). An alternative approach is to calculate the amount
of solar radiation absorbed within a layer of sea ice from
net (downward) irradiances using the principle of energy
conservation, analogous to calculating the radiative heating
rate (Ohlmann et al. 2000). Here we compare these two
approaches of estimating radiant energy absorption in the
bottom ice algal layer and demonstrate a large discrepancy
in their result. Finally, we discuss steps to estimate
photosynthetically active radiation (PAR) levels within
the ice algae layer from measurements taken immediately
beneath the ice cover and examine the effects of these
estimates on primary production in sea ice due to enhanced
solar absorption caused by scattering in the ice algal layer.

Methods

Solar radiant energy absorbed in sea ice bottom layer—To
directly utilize the product awE0 to calculate the radiation
absorbed by ice algae embedded within the bottommost
few centimeters of the sea ice cover, light measurements
have been conducted directly beneath the sea ice cover and
applied to estimate E0 values within the ice (Smith et al.
1988; Mock and Gradinger 1999). Following Smith et al.
(1989), an average scalar irradiance (Ē0) for the bottom ice
algal layer of thickness (hw) has been calculated as:* Corresponding author: jens_ehn@umanitoba.ca
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w is the scalar diffuse attenuation

coefficient (m21), and E0top and E0bot are scalar irradiances
at the top and bottom interfaces of the layer, respectively.
However, as shown below, Eq. 1 is not consistent with the
law of radiant energy conservation in a scattering volume.

A second approach begins with the principle of energy
conservation for a layer expressed in the form of the one-
dimensional Gershun’s equation:

dE

dz
~{atotE0 ð2Þ

where atot is the total absorption coefficient (m21) and
dE : dz the depth derivate of net (downward) irradiance
(mmol m22 s21) with the depth z positive downwards.
Equation 2 is exact when no internal sources of radiation
are present. An estimate of the average scalar irradiance
(Ê0) within the ice algae layer can be obtained for a discrete
thickness hw, by rearranging Eq. 2 so that

ÊE0~
1

atot

DE

Dz
~
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KEhw{1)
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where KE~ln(Etop E{1
bot )h{1

w is the net irradiance attenua-

tion coefficient (m21), and Etop and Ebot are net irradiances
at the top and bottom layer interfaces, respectively.

We have thus determined the layer average scalar
irradiance from measurements at the layer bottom interface
in two ways, first Ē0 using Eq. 1 and then ÊE0 using Eq. 3. In
non-scattering media or when scattering is negligible
compared to absorption, Eq. 1 and Eq. 3 are equivalent;
however, as scattering increases, ÊE0 . Ē0, since K0 . atot,
even though DE , DE0. However, the magnitude of this
difference in a high-scattering environment such as sea ice
and its effects have not been considered before.

Application to the bottom ice algae layer—Here we de-
scribe how the parameters in Eq. 1 and Eq. 3 were es-
timated in order to evaluate Ē0 and Ê0 as a function of
chlorophyll a (Chl a) concentration within the bottom ice
algal layer using values found in literature. Chl a is the
main photosynthetic pigment in algae and thus commonly
used as a proxy for autotrophic biomass.

Ice algal layer PAR transmittance with coincident
determination of Chl a has been measured in situ by Welch
and Bergmann (1989), Mundy et al. (2007), and Ehn et al.
(2008a). These data allowed for determination of the
downwelling PAR attenuation coefficient, Kd (m21), for
hw 5 0.025 m with areal Chl a ranging from 0.8 to
135 mg m22 (32 to 5400 mg m23; Fig. 1).

We fitted this Kd(PAR) against Chl a using a robust
nonlinear least-squares regression with a model of the form

Kd(PAR)~

{
1

hw

ln

ð700

400

Edtop(l) e{Kd(l) hw dl

ð700

400

Edtop(l)dl

� �{1
 !

ð4aÞ

where

Kd(l)~

1

md

aice(l)zap(l)
� �2

z0:238 aice(l)zap(l)
� �

btot

h i0:5 ð4bÞ

md is the average cosine of the downwelling hemisphere of
the light field (dimensionless), Edtop(l) is the downwelling
irradiance at the top of the algae layer, Kd(l) the down-
welling diffuse attenuation coefficient, and aice(l) and ap(l)
are the pure sea ice and algal absorption coefficients (m21)
for the bottom ice algal layer (Fig. 2). The sum of aice

and ap is atot. For the purpose of this study, additional
contributions to absorption by colored dissolved organic
matter were assumed negligible relative to algal absorption
in the bottom ice algal community as has been previously
observed (Ehn et al. 2008a). The unknown in Eq. 4b, btot,
represents the total volume scattering coefficient for the ice
(m21) and is assumed to be spectrally independent over
PAR wavelengths because the inclusions dominating
scattering in sea ice are much larger than the wavelength
of light (Perovich 1990). Equation 4b has the form of the
numerically generated equation developed by Kirk (1994),
and has been shown to be appropriate for sea ice and turbid
waters (Maffione 1998). The Chl a–specific spectral
absorption coefficients for ice particulate matter, a�p(l)

(and also for algal pigments, a�w(l), after methanol

extraction), obtained through linear least-squares regres-
sion of 23 ice algae spectra against their Chl a concentra-
tions that ranged from 0.48 to 1080 mg m23 (r2 . 0.97 over
PAR wavelengths) was used to determine ap(l). These ice
algae data were collected during spring 2008 in the
southern Beaufort Sea as a part of the International Polar
Year–Circumpolar Flaw Lead study (Mundy et al. 2011).
Pure ice spectral absorption from Grenfell and Perovich
(1981) was used for aice(l), and md was set to a constant 0.7
based on observations and modeling of Ehn et al.
(2008a,b). This md is similar to that of Arrigo et al.
(1991), and others since, who used a constant value of 0.656
for all depths within the ice cover.

Spectral weighting for PAR integrations was provided
by a downwelling irradiance spectrum transmitted through
an ice cover with a 37.8 cm snow cover, 1.3 m ice thickness,
and only 0.4 mg Chl a m22 reported by Mundy et al. (2007;
see their fig. 3a). The sea ice conditions and geographical
location in that study were similar to those in Welch and
Bergmann (1989). Furthermore, the spectral shapes of the
transmitted irradiance remained almost identical (although
magnitudes varied) for all low Chl a concentrations even as
snow and ice thickness varied. Therefore, the irradiance
spectrum can be considered appropriate for spectral
weighting purposes just above the ice algae layer, i.e., Edtop

in Eq. 4a.
Fitting Eq. 4 to the data (Fig. 1) resulted in a btot value

of 295.4 m21 that was within the range of scattering
coefficients (165 to 431 m21) previously estimated for
bottom sea ice (Ehn et al. 2008a). However, we emphasize
that btot is simply a fitting parameter that depends on other
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values chosen in Eq. 4, and the resultant Kd represents a fit
to observed data from natural sea ice.

Net and scalar irradiance estimation—Equation 4b was
used to estimate the downwelling irradiance spectra of the
lower layer interface, Edbot(l), from the irradiance, Edtop(l),
at the upper interface of the 2.5 cm thick ice algal layer. The
corresponding upwelling irradiances, Eutop(l) and Eubot(l),
needed to be estimated to determine the scalar and net
irradiances and attenuation coefficients in Eqs. 1 and 3,
respectively (Fig. 3). The bottom ice algal layer is located in
the bottom few centimeters of sea ice at the ice–water
interface, below which scattering in seawater is orders of
magnitude smaller than within the ice matrix, resulting in
Eu % Ed (Grenfell 1979; Light et al. 2008). We followed
Morel and Maritorena (2001) and calculated the reflectance
at the ice–ocean interface, Rbot (5 Eubot : Edbot), as

Rbot(l)~0:33
bbbot(l)

asw(l)zbbbot(l)
ð5Þ

where bbbot and asw are the backscattering and absorption
coefficients of the under-ice seawater layer, respectively
(Fig. 4). We assumed an arbitrary low value of 0.01 mg m23

for the seawater Chl a concentration, and obtained bbbot as
0.5(1.29/l)4.32 + bbp, where the particulate backscattering
coefficient, bbp, was calculated according to Eq. 10 in

Morel and Maritorena (2001) as a function of Chl a. The
seawater absorption was calculated as the sum of the pure
seawater absorption and phytoplankton absorption (which
assumed that a�p(l) for ice algae was valid also for the

under-ice water column).
Reflectance within the bottom layers of sea ice is not well

known but expected to vary strongly with changes in ice
algae biomass levels. Upwelling and downwelling irradi-
ance profiles in clean ice obtained by Light et al. (2008)
with a Monte Carlo model suggest that Rtop (2.5 cm above
the ice bottom) at 500 nm was close to 4%. This may be the
only published estimate of upwelling irradiance in bottom
layers of sea ice. Such a low value indicates that the bottom
2.5 cm layer is optically thin when the biomass concentra-
tion is low. Therefore, upwelling from the seawater below
also influences Rtop. We thus applied the formulation for
diffuse reflectance from oceanic shallow waters by Mar-
itorena et al. (1994):

Rtop(l)~
bb

(1zmd m{1
u )Kd

z Rbot{
bb

(1zmd m{1
u )Kd

� �
e

{ 1zmd m{1
uð ÞKdhw

ð6Þ

where mu is the upwelling average cosine and was set to a
constant 0.5, i.e., a diffuse upwelling light field. The value

Fig. 1. Observed (symbols) and best-estimate (r2 5 0.94, root mean square error 5 6.86,
n 5 36) of the bottom ice algal layer diffuse attenuation coefficients, Kd (Eq. 4), KE, and K0, and
absorption coefficient (coeff.), atot, as functions of Chl a. The crosses represent Kd over the
bottom 2.5 cm of the sea ice calculated using data from Welch and Bergmann (1989) (see their fig.
2) with one outlier (632 mg m22, 2.3 m21) removed. The circle and diamonds were calculated
from Mundy et al. (2007) and Ehn et al. (2008a), respectively.
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for bb, the backscattering coefficient of the ice algae layer,
was set to 0.00437btot, implying that 0.437% of the
scattered photons were backscattered, which gives an Rtop

of 4% at 500 nm when Chl a concentration is zero. Such a
value corresponds to an average cosine of the scattering
angle of about 0.98 for a scattering phase function by
Henyey and Greenstein (1941). Spectra of Rtop and Rbot are
shown in Fig. 4a.

Scalar and net irradiances at the layer interfaces
(subscript n is either top or bot) were then calculated as

E0n~
Edn

mdn

z
Eun

mun

ð7Þ

and

En~Edn{Eun ð8Þ

respectively (Fig. 3).
The spectral net irradiances normalized to an Edtop

(PAR) 5 1, and that correspond to reflectances, are shown
in Fig. 4b. As the absorption by ice algae increases in the
bottom layer, Ebot decreases and its peak magnitude is
shifted from 450–500 nm to 560–570 nm. Etop shows a
smaller increase with increasing Chl a as Eutop is reduced
from the algae layer due to absorption. Both Rtop(PAR)
and Rbot(PAR) decrease with Chl a (not shown). However,
in the case of Rbot(PAR), the decrease is solely due to
changes in the spectral shape of the irradiance transmitted
through the ice algae layer, which affects the weighting of

the PAR integration (the spectral Rbot(l) remained constant
as in Fig. 4a).

Results

PAR estimation for ice algae layer from under-ice
measurements—The two approaches to estimating the solar
energy absorbed by the ice algae layer were found to differ so
that the product atotĒ0 (Eq. 1) significantly underestimated
what was absorbed by the ice algae layer compared to
DE :Dz (Eq. 3). In general, K0 . Kd . KE; however, the
difference between them is minimal compared to the much
smaller atot (Fig. 1) resulting in the difference between ÊE0

and Ē0. To illustrate this discrepancy, we define an
absorption amplification factor (W) as

W~
ÊE0

�E0

ð9Þ

Similarly, to show the difference to scalar irradiance
transmitted through the ice bottom, which is readily
measurable, we define a layer average opacity factor (x) as

x~
�E0

E0bot

ð10Þ

Fig. 5a shows that in the high-scattering sea ice environ-
ment, scattering dominates at low Chl a, causing W(PAR) to
increase to a maximum of , 19.3. However, at high Chl a,
absorption increases in importance and W approaches unity.

Fig. 2. Pure ice absorption spectrum (Grenfell and Perovich 1981) and Chl a (determined
fluorometrically)–specific spectral absorption coefficients for algal particulates, a�p(l), their
pigments, a�w(l), and de-pigmented matter, a�d(l) multiplied by 40 mg Chl a m{3.
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The W(PAR) calculated from PAR integrated irradiances
is hereafter referred to as W for brevity, while spectral W(l)
are shown in Fig. 5b for selected Chl a concentrations.
The behavior of W as a function of Chl a (mg m23) can be
parameterized as [1 + 7199(18.74 + Chl a0.9302)21]0.5 (r2 .
0.999). To estimate the average scalar irradiance received
by the ice algae from readily obtainable sub-ice measure-
ments, E0bot must be multiplied by both x and W. For pure
ice without algae, x is close to unity, and as Chl a
increases, x can be parameterized as exp[0.0001163(Chl a2

+ 12,490Chl a)0.5] (r2 . 0.999). The product xW obtains a
minimum at a Chl a around 2400–2800 mg m23, above
which absorption by algae becomes more important than
absorption amplification by scattering in determining the
light level in the bottom ice algal layer.

Sensitivity analysis and ranges—A main uncertainty
affecting W is the absence of detailed information in the
literature on the angular distribution of the light field
within sea ice. Eq. 2 shows that the radiation absorption
within a layer is determined by the vertical flux divergence,
dE/dz, where both the downwelling and upwelling radiation
fields, Ed and Eu, are needed to determine E. Generally, Eu

is expected to attenuate more strongly than Ed due to a
more horizontally oriented radiance distribution.

To describe the angular distribution of the light field, we
have used a constant mu of 0.5 vs. a md of 0.7. These values
are currently uncertain as they have never been determined
through experiments. However, the shape of the light field
can be expected to remain fairly constant during natural
conditions when the vernal bottom ice algae blooms are
initiated for various reasons. Seasonal ice in the Arctic has
reached its maximal thickness of 1–2 m during spring and is
typically covered by highly scattering freeboard layers.
Therefore, the ice is optically thick such that the
penetrating solar radiation reaches an asymptotic state,
i.e., the shape of the radiation field does not change with
depth, within the inner portion of the sea ice cover (Ehn
et al. 2008b). Thus, the shape of the radiation field is not
expected to have a high degree of variability from place to
place. Approaching the ice bottom, the radiation field
becomes increasingly influenced by the differing optical
properties (particularly the sharp reduction in scattering) of
the underlying water column. However, this boundary
effect should be very consistent for typical level sea ice
covers. Reflectance from the underlying seawater is also

Fig. 3. Schematic of typical structure and texture of (a) level sea ice and (b) the bottom skeletal layer where most ice algae are found.
The arrows summarize the various radiation fields pertinent to this study (see text).
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well constrained from numerous studies in open-water
environments and can be measured quite accurately due to
the lack of waves under sea ice. Furthermore, changes in
the seawater reflectance, Rbot, will affect Rtop in the same
direction so that the net effect is moderated, especially
when Chl a is low (see Eq. 6). Finally, the structure and
properties of the sea ice in the layers near the seawater
interface are typically quite similar, i.e., horizontally
homogeneous layers of slowly grown sea ice with a
columnar type structure and temperatures near the
seawater freezing point (Fig. 3). Thus, one can expect
similar optical properties of such sea ice.

A maximum amplification factor W is obtained when
assuming that upwelling radiation is so small that it is
negligible and that the downwelling portion is completely
downward directed (i.e., md 5 1). This results in a maximal
W of 52 at small Chl a and btot 5 698 m21 to fit data in
Fig. 1. However, this is not a physically realistic scenario
since when m 5 1, both Ed 5 E0 5 E and K0 5 KE 5 atot,
which means that btot has to be zero. If the attenuation
within the ice algae layer was solely determined by its

absorption or the radiation field was fully downward
directed with forward scattering, then the data relationship
in Fig. 1 would also be expected to increase linearly as a
function of algae biomass, which is not the case. When md

5 0.7, Eu neglected, and with other values as assumed
above, a maximum W of 33.9 results. We note, however,
that reflectance (Eu : Ed) is not negligible in sea ice or even
in pure seawater. Nor is it constant with distance into the
ice from the ocean interface, and is wavelength dependent
since it is inversely proportional to atot.

Variations in W due to variations in the angular radiation
distribution over realistic ranges are summarized in Fig. 6.
As md is increased (decreased), W also increases (decreases)
since btot is adjusted in the fitting of Eq. 4 to data. With
md 5 0.6, btot becomes 193.6 m21 and with md 5 0.8, btot

is 413.4 m21, which fits within the range obtained in Ehn
et al. (2008a). The resultant W changes by about 6 4 for a 6
0.1 change in md at low Chl a, whereas changes in W become
smaller at high Chl a (Fig. 6). Changes in W due to
variations in mu from 0.2 to 0.6 range about 1.1 maximally

Fig. 4. (a) Spectral reflectances and (b) net irradiances as a
function of Chl a at the top and bottom interfaces of the ice
algae layer.

Fig. 5. (a) The correction factors W and x, integrated over
PAR, and their product as a function of Chl a (see Eqs. 7 and 8).
In (b) the spectral W(l) over a selected Chl a range.
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at low Chl a. The largest effect on W is due to changes in the
backscattering ratio, which results in changes in Rtop and
consequent changes in the net irradiance, Etop. At a Chl a
concentration of 0.1 mg m23, variations in Rtop(500 nm)
from 2% to 5% resulted in a linear change in W of 24.2,
24.9, and 25.6 per percent unit change in Rtop(PAR) for
the three different md 5 0.6, md 5 0.7, and md 5 0.8,
respectively (Fig. 6). At higher Chl a levels, the magnitude
of these slopes are reduced.

We have used a constant a�p(l) spectrum that integrated
to an a�p(PAR) of 0.007 m2 mg21 to calculate our values.
After removing the influence of nonpigmented material,
this value corresponds to an a�w(PAR) of 0.0064 m2 mg21

(Fig. 3), which is very close to the 0.006 m2 mg21 used by
Arrigo et al. (1993). However, a change in absorption
characteristics of the algae has a significant effect on W
particularly at low Chl a concentrations. A sensitivity
analysis of the effect of ice algae absorption when Chl a is
0.1 mg m23 or smaller results in a linear decrease of W with
a slope of 23.75 per every 0.001 m2 mg21 increase of a�p(l)
(by multiplier on spectrum), when md 5 0.7, mu 5 0.5, and
the btot tuned by fitting Eq. 4 to data and the bb : btot ratio
tuned so that Rtop was 4%. Similarly, when Chl a
concentrations were 10, 100, 1000, and 5000 mg m23,
the W slopes were 22.97, 21.68, 20.63, and 20.26 per

0.001 m2 mg21 increase in a�p(l) magnitude, respectively.
This analysis shows that pigment packaging effects that can
reduce a�p(l) at high Chl a will have only a small effect on W
as values remain relatively small.

Discussion

The theory we presented here represents a first step
towards the inclusion of scattering effects on absorption
needed in the parameterization of primary production for
future polar sea ice ecosystem models and that is consistent
with energy conservation over a layer. Mundy et al. (2007)
showed that ice algal biomass could be estimated from
transmitted light spectra. However, to additionally remote-
ly estimate ice algal primary production, the light levels
with the bottom layers of the sea ice need to be assessed.
Therefore, we have proposed a framework to correct
irradiance measurements taken immediately below the ice
cover to better reflect the enhanced radiation absorption
within the highly scattering sea ice. More detailed bio-
optical observations are required for further improvement
and validation of the theory and parameterizations. Areas
of improvement include: treatment and measurements of
scalar vs. vector irradiance within the sea ice (i.e.,
accounting for the shape of the light field) and of spectral

Fig. 6. Variations in W due to changes in the angular distribution of the light field and
backscattering ratio within the bottom ice algae layer. The three solid lines represent the response
to changes in md from 0.6 to 0.8 (with new btot fittings to match Kd observations using Eq. 4), with
surrounding shaded areas representing the response to changes in mu from 0.6 (smaller W) to 0.2
(larger W) with the solid line having mu 5 0.5. The black solid line is the result shown in Fig. 5.
Dashed lines represent changes due to Rtop with higher values leading to lower W. Rtop was
adjusted to fixed values of 5%, 4% (standard case), 3%, and 2% at 500 nm using the
backscattering ratio (see text).
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absorption and transmission, consideration of an algal
pigment packaging effect, improvement of scattering
parameterizations for the bottom ice skeletal layer and
algal cells, in particular scattering from the siliceous
frustules of diatoms (Ehn et al. 2008a), and improved
observations of the bottom ice skeletal layer microstructure
and the arrangement of algal cells within this layer. These
are difficult tasks in a harsh environment.

Implications for primary production—Sea ice is composed
of a matrix of pure ice with brine, gas, and absorbing
constituents trapped in interstices between and within the
substructure of ice crystals (Fig. 3). The scattering and
absorption properties of sea ice are dependent upon
constituent volume fractions and their structural arrange-
ment (Ehn et al. 2008a). It has been suggested and
supported by values reported in the literature that in situ
bottom ice algal absorption of solar irradiance may be
greater than laboratory measurements of in vivo absorp-
tion (Smith et al. 1988; Perovich et al. 1993). We suggest
that this discrepancy stems from an artifact of comparing
radiation absorption by cells in a highly scattering
environment to that in seawater or a melted ice sample.
The effect of scattering, which is to increase the pathlength
of photons propagating in the sea ice, thereby increasing
the probability of photons being absorbed, can explain this
difference. The increase in photon pathlength due to
scattering is not a new concept. For example, it represents
a difficulty in calibration of the quantitative filter technique
for in vivo absorption measurements (Mitchell et al. 2003).
In the atmosphere, multiple scattering due to aerosols can
greatly increase the effective absorption optical depth by,
e.g., gases (Ben-David 1997; Mayer et al. 1998). Further-
more, coral skeletons have been shown to enhance
absorption by symbiotic algae (Enrı́quez et al. 2005).

To examine the potential effect of absorption amplifica-
tion on primary production estimates in the sea ice bottom
algal layer, the new parameter, W, was added to the P-E
formula (Platt et al. 1980), assuming no photoinhibition:

PB
apparent~PB

max 1{e
{

�EE0aBW=PB
max

� 	" #
ð11Þ

where PB
apparent is the apparent Chl a–specific photosyn-

thetic rate that is adjusted to the light levels within the
bottom sea ice environment (mg C mg Chl a21 h21), PB

max is
the light-saturated Chl a–specific photosynthetic rate (mg C
mg Chl a21 h21), and aB is the Chl a–specific photosyn-
thetic efficiency (mg C mg Chl a21 h21 [mmol m22 s21]21).
The W values added here were those described earlier with
md 5 0.7, mu 5 0.5, btot 5 165.3 m21, and Rtop(500) 5 4%. It
is stressed that Eq. 11 be interpreted as an apparent P-E

Fig. 7. (a) The predicted response of adjusting a P-E
relationship to the absorption amplification factor, W, calculated
over a range of ice algal Chl a concentrations. The P-E
relationship was estimated using averaged values of PB

max 5
1.17 mg C mg Chl a21 h21 and aB 5 0.061 mg C mg Chl a21 h21

(mmol m22 s21)21 obtained from laboratory measurements

r

presented in Smith et al. (1988). (b) Early spring (pre-bloom)
diurnal response of estimated bottom ice scalar irradiance, and
(c) net primary production to layer average opacity, x,
and pathlength amplification, W, for a Chl a of 10 mg m23

(see Discussion).
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relationship and should not be confused with the interpre-
tation that algal physiology changes due to the addition of
W, i.e., algal physiological parameters can only be derived
from a P-E curve obtained in non-scattering media.

The effect of adding W, i.e., using Ê0 rather than Ē0, in
the exponent of Eq. 11 was to increase the initial slope of
the PB

apparent function such that higher photosynthetic rates
were reached at significantly lower Ē0 levels than suggested
without consideration of absorption amplification due to
scattering, particularly for low Chl a with high W (Fig. 7a).
The apparent light-limited production was also shifted to a
much lower Ē0 range. As a consequence, P-E relationships
would predict a greater degree of light limitation of
photosynthesis in situ when the in situ irradiance estimate
does not consider scattering. This would result in an
underestimation of primary production, affecting the
timing and magnitude of modeled biological productivity.

The influence of scattering on primary production in sea
ice was further explored through a simple modeling exercise
to estimate bottom ice net primary production over a
diurnal period. During the 2004 Canadian Arctic Shelf
Exchange Study, pre-bloom ice algal biomass was between
0.02 and , 1.16 mg m22 in the bottom 4 cm of the ice
cover, with the bloom commencing mid- to late March
under . 0.1 m deep snow covers (Różańska et al. 2009).
Measurements on 18 March showed that 0.5% of the
incident PAR was transmitted through the snow and ice
cover. To estimate Edbot(PAR) over a diurnal cycle in pre-
bloom conditions, we multiplied this transmittance value
by diurnal (1-h time step) surface incident PAR data from
the same study site and averaged over a 5-d period (16 to 20
March 2004). Equations 7, 9, and 10 were used to calculate
E0bot, Ē0, and Ê0, respectively (Fig. 7b). For these
calculations, x and W were estimated using a Chl a of
10 mg m23 (0.25 mg m22 over a 2.5 cm sea ice layer). The
physiological P-E relationship used in Fig. 7a, i.e., where W
5 1, was applied to estimate gross primary production for
E0bot, Ē0, and Ê0. Finally, net primary production (NPP)
was estimated assuming an ice algae compensation light
intensity of 7.6 mmol m22 s21 (Gosselin et al. 1985). Figure 7c
shows that in sub-ice waters and in sea ice without
consideration of scattering, NPP would be negative through-
out the diurnal period, whereas it is positive in sea ice when
adjusted to Ê0. Dividing the compensation light intensity by
W, which was 16.3 at a Chl a of 10 mg m23, provides an
apparent compensation level of 0.47 mmol m22 s21. Interest-
ingly, this apparent estimate is consistent with the in situ sea
ice study of Mock and Gradinger (1999), who observed
positive NPP to occur at an averaged 0.36 mmol m22 s21,
providing support for the significant role of absorption
amplification on NPP in sea ice.

Following this comparison, these results also highlight
that P-E relationships measured in situ could result in faulty
parameter approximations, unless E0 is properly determined
for the ice algae. Furthermore, a significant underestimation
of ice algal production is expected when using sub-ice
primary production incubations to directly estimate ice algal
production where water column scattering is low relative to
sea ice. Therefore, current ice algal primary production
estimates may need to be revisited in lieu of results presented

here. Our results imply that the most representative primary
production estimates would be based on net irradiance
measurements combined with spectrally corrected P-E
parameters from incubations in which scattering effects
would be small and irradiance levels are well defined.

Enhanced radiation absorption in high-scattering envi-
ronments also provides a useful theory to further explain
algal phenology in the springtime polar marine ecosystem.
Barring advection of allochthonous biomass (Robinson
et al. 1995), the concentration of phytoplankton in the
water column is typically low under an ice algal community
(Gosselin et al. 1997). However, in the Antarctic, while
phytoplankton biomass remained small (, 0.1 mg Chl a
m23), platelet ice and benthic algal communities were
documented to shade-acclimate below a bottom ice algal
community (Robinson et al. 1995), provided it takes an
investment of energy and time for algae to photoacclimate
(Falkowski and Raven 2007). These three communities
all exist within or on high-scattering media and could
therefore have a significant advantage over phytoplankton
for establishing communities under low light conditions
and earlier in the season. Similarly, when transmitted
irradiance levels increase during ice melt, too much light
absorption could induce photoinhibition of sea ice algal
communities, providing an advantage for phytoplankton
production in the water column at this time.
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