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In July 2011, the observation of a massive phytoplankton bloom underneath a sea ice-covered region of the Chukchi
Sea shifted the scientific consensus that regions of the Arctic Ocean covered by sea ice were inhospitable to photo-
synthetic life. Although the impact of widespread phytoplankton blooms under sea ice on Arctic Ocean ecology and
carbon fixation is potentially marked, the prevalence of these events in the modern Arctic and in the recent past is, to
date, unknown. We investigate the timing, frequency, and evolution of these events over the past 30 years. Although
sea ice strongly attenuates solar radiation, it has thinned significantly over the past 30 years. The thinner summertime
Arctic sea ice is increasingly covered in melt ponds, which permit more light penetration than bare or snow-covered
ice. Our model results indicate that the recent thinning of Arctic sea ice is the main cause of a marked increase in the
prevalence of light conditions conducive to sub-ice blooms. We find that as little as 20 years ago, the conditions re-
quired for sub-ice blooms may have been uncommon, but their frequency has increased to the point that nearly 30%
of the ice-covered Arctic Ocean in July permits sub-ice blooms. Recent climate change may have markedly altered the

ecology of the Arctic Ocean.

INTRODUCTION

Phytoplankton are a fundamental component of Earth’s oceanic eco-
system and carbon cycle. These photosynthetic organisms inhabit the
upper layers of the sunlit ocean, converting carbon dioxide into the or-
ganic compounds that sustain oceanic life. Through their growth and
decay, they form the foundation of the oceanic food web and constitute
a major sink for atmospheric CO, (1). Phytoplankton populations
undergo periods of rapid growth, known as “blooms,” which occur an-
nually and semiannually in many of the world’s ice-free oceans (2). In
the Arctic, blooms are traditionally assumed to occur annually at the
retreating sea ice edge (3). Because sea ice is optically thick, with a high
albedo, regions underneath a full sea ice cover have been considered
incapable of supporting photosynthetic life. This paradigm was over-
thrown in July 2011 by the observation of a “massive” phytoplankton
bloom underneath a region of the Arctic fully covered by sea ice (4), with
concentrations of particulate organic carbon among the highest ever re-
corded in the world’s oceans. During the period in which the bloom was
observed, the sea ice was heavily covered by melt ponds, which form on
the sea ice surface from melting snow and ice in the spring and summer.
Because they have a lower albedo than bare ice, it has been hypothesized
that melt ponds can transmit sufficient light through the thinner Arctic
ice cover and sustain primary production, even when the ocean is fully
ice-covered (5).

There has been recent speculation about the extent and frequency of
phytoplankton blooms under Arctic sea ice (6). If sub-ice blooms are
common, then the annual amount of primary production and carbon
fixation occurring beneath the sea ice in the Arctic Ocean may have
been underestimated by an order of magnitude (4, 7). Therefore, the
focus of this study is to investigate the potential occurrence of these
blooms in the modern Arctic and examine the changing potential for
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these blooms over the past 30 years, leveraging recent developments in
the modeling of melt pond formation on sea ice (8, 9). To do so, we
develop a critical-depth model for regions of the ice-covered Arctic
Ocean, incorporating the light-transmitting properties of melt ponds.
A recent study [(10), hereafter J16] compared three ice-ocean ecosystem
models to evaluate trends in under-ice and Arctic primary production
over the past 30 years and found a small overall reduction in sub-ice
primary production over this period. However, none of the models
contributing to the J16 intercomparison consider melt ponds, which
play a role in the development of sub-ice blooms, as discussed below.

On the basis of our modeling study, we find that events like the
Chukchi bloom may be routine in the modern Arctic: Over the past
decade, the light conditions necessary to permit sub-ice blooms may
have existed over nearly 30% of the Arctic region in July. We find these
conditions only in the past two decades, driven by a thinning Arctic sea
ice cover. The modern Arctic is undergoing a major ecological shift be-
cause of climate change: Projections of a thinner Arctic sea ice cover
mean that the likelihood and extent of sub-ice phytoplankton blooms
may further increase in the future.

MODEL

The most widely used model for describing the timing and initiation of
light-limited phytoplankton blooms is the Sverdrup critical depth hy-
pothesis (11). The critical depth hypothesis has been examined, up-
dated, and expanded in many oceanographic settings (12, 13), although
it offers a simplistic treatment of biology and ocean mixing (14, 15). It
asserts that phytoplankton populations are continuously mixed vertically
within the ocean mixed layer, growing in proportion to the availability
of light and dying at a uniform rate. We consider a region of bare sea ice
of thickness /1, of which a fraction ¢ is covered by melt ponds, and model
the mean specific growth and death rates of a population of phyto-
plankton in a mixed layer of depth D. We also assume that ocean velo-
cities are comparable to ice drift velocities, appropriate in the high ice
concentration regions considered here, and therefore, as phytoplankton
populations grow, they do not advect into regions of different ice cover.
Further discussion of this model, which outlines the model equations in
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more detail, is provided in Materials and Methods. The mean specific
loss rate (per plankter) over the mixed layer is constant

L(D) =T (1)

The mean specific growth rate, G(D), is proportional to the availa-
bility of photosynthetically available radiation (PAR; solar radiation
ranging from 400 to 700 nm)

G(D) = Hh (1

B (=) [(1 =g+ (1—a)(1-9))e ™ (@)

Equation 2 is the product of three terms: the first describes the mean
growth rate of the phytoplankton population in a region with a mixed
layer of depth D that is ice-free, where x,, = 0.12 m™" (16) is a bulk ir-
radiance extinction coefficient of PAR in clear water, following Beer’s
law. The coefficient p, which relates the growth rate of phytoplankton to
the availability of PAR, is derived from the factor I'/u, termed the “com-
pensation irradiance,” which is estimated as 4.5 W m 2, based on ob-
servations in the North Water Polynya and North Atlantic (see Materials
and Methods) (13, 17). I, is the PAR incident on the ice or pond surface
(in unit W m™2). The second term in Eq. 2 describes the reflection and
backscatter of PAR at the ice or pond surface. The disposition of incom-
ing PAR in the ice and to the ocean below is determined by assuming
that a shallow scattering layer exists at the ice surface that is included in
the parameterization of albedo, where o, = 0.2 and o; = 0.76 are the
spectral albedoes of PAR for melt ponds and bare sea ice, respectively
(18-23). The focus of this study is on months in which melt ponds have
formed, and therefore, the presence of snow on ice is not a focus here.
To avoid unrealistic amounts of solar radiation beneath sea ice in the
months before the snow cover melts, we set the ice albedo to that of
snow-covered ice, o; = 0.98 (18, 22, 24), until melt ponds begin to form
each year. The third term in Eq. 2 describes how PAR is extinguished
within the ice layer. Radiation penetrating the ice is attenuated following
Beer’s law, with «; = 1.6 m™", a bulk irradiance extinction coefficient of
PAR in sea ice (19-21). We tested the sensitivity of our results to «; (see
the Supplementary Materials, text S1, and fig. S1). Although the mag-
nitude of the extent and frequency of sub-ice blooms depends on the
choice of k;, there are large increasing trends in the extent and frequency
of sub-ice blooms across the range of ;.

We now seek criteria that determine when a light-limited bloom is
permitted. One such criterion occurs when the mixed layer depth shoals
above the point where cumulative population growth and decay rates
are balanced, at which point the mean specific growth rate exceeds the
mean specific death rate and the population grows exponentially. This is
a variant of the critical depth hypothesis (11) discussed above, including
the effects of a ponded sea ice cover. Nondimensionalizing Egs. 1 and 2
with x = x,,D, B=T"!ul (1 — ap)e"‘fh ,and ox* = 11 —, this con-
dition occurs when ’

Xe=PB(1—e )6+ (1-0¢)a’] (3)

which defines a nondimensional critical depth, x,. The original Sverdrup
model may be obtained from Eq. 3 by setting /1 = 0 (when computing B)
and ¢ = 1 and replacing the melt pond albedo a, with the open-ocean
albedo a,, = 0.06. We can also give a different interpretation of the crit-
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ical condition: A bloom occurs when the melt pond fraction increases to
permit more light to the ocean below. The critical melt pond fraction ¢,
is found by rearranging Eq. 3

i (B(l =5 “*> “

When the melt pond fraction exceeds this critical value, a light-
limited bloom is permitted. Therefore, the critical pond hypothesis states
that light-limited phytoplankton blooms are triggered annually by a sus-
tained increase in melt pond fraction above ¢..

RESULTS

The Chukchi bloom in climatological context

We first examine the likelihood for blooms during a single summer
season, using values representative of those observed during the 2011
cruise. Figure 1 (A to D) shows seasonal cycles of the parameters used in
the study. Mixed layer depth data are from a combination of observa-
tional sources from the Chukchi Sea (Fig. 1A) (25). The ice thickness
data used are a representative Arctic Basin seasonal cycle over the period
2000-2012 (Fig. 1B) (26). Solar irradiance data are from the National
Centers for Environmental Prediction (NCEP-2) reanalysis climatology
at 72.5°N 170°W (Fig. 1C) (27). An example seasonal cycle of melt pond
fraction is taken as the 2012 Arctic-wide mean seasonal cycle from a
stand-alone simulation of CICE (Los Alamos sea ice model) (22) that
includes a model for the evolution of melt ponds (Fig. 1D) (9, 28). For
these values, a light-limited bloom is possible during the period of June to
August (green line segments in Fig. 1, A to D), corresponding to the
period of maximum solar insolation, maximum melt pond fraction,
and minimum mixed layer depth. For many regions of the Arctic with
a seasonal ice cover, this may be before the sea ice has melted away.
Parameter values observed during the Chukchi bloom are displayed
as green circles in Fig. 1 (A to D), with hashed boxes indicating ranges
of mixed layer depth (20 to 30 m), ice thickness (0.8 to 1.2 m), and melt
pond fraction (30 to 40%) observed during the cruise (7). Crucially, this
parameter range permits the formation of a light-limited bloom during
the observed period in 2011, beginning as early as mid-June. Therefore,
it is possible that the Chukchi bloom may have been diagnosed using
the critical depth model outlined here.

We examine the model sensitivity to mixed layer depth by offsetting
the reference seasonal cycle of mixed layer depth (Fig. 1A, black line) by
+8 m (Fig. 1A, blue dashed and red dash-dot lines). These perturbations
are significant relative to the baseline seasonal cycle, which shoals to be-
low 13 m in July, and significantly larger than uncertainty estimates for
mixed layer depth in the Chukchi Sea of 3.3 m from a recent mixed
layer depth climatology (25). Therefore, this perturbation bounds the
sensitivity of this model to uncertainty in mixed layer depth data retriev-
al and climatology. For each perturbed seasonal cycle, we compute the
critical melt pond fraction ¢, using Eq. 4 and plot it in Fig. 1E. Each
critical melt pond fraction curve corresponds to one of the mixed layer
depth curves plotted in Fig. 1A, which is either the reference seasonal
cycle (solid black line), a shallower mixed layer (dash-dot red line), or a
deeper mixed layer (dashed blue line). The gray line in Fig. 1E is the
seasonal cycle of melt pond fraction ¢, shown in Fig. 1D. When the sea-
sonal melt pond fraction intersects with a critical melt pond fraction
curve, the criterion expressed in Eq. 4 is satisfied, and a light-limited
bloom is permitted. Phytoplankton populations in shallow mixed layers
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Fig. 1. Example seasonal cycles of climate variables, timing of sub-ice blooms, and model sensitivity. (A to D) Example time series of ocean mixed layer depth (A), sea ice
thickness (B), surface downwelling solar irradiance (C), and melt pond fraction (D). Blue and red curves in (A) are deviations of +8 m from the reference mixed layer depth curve.
Blue and red curves in (B) are deviations in ice thickness of +40 cm from the reference ice thickness curve. Green shaded line segments of the black curves in (A) to (D) indicate a
sub-ice bloom is permitted. Green dots and gray boxes correspond to the average observed values and reported ranges observed during the 2011 bloom (4). (E and F) Sensitivity
of bloom timing to perturbations in the reference seasonal cycle shown in (A) to (D). (E) The critical melt pond fraction ¢, calculated using the seasonal cycles of ocean mixed layer
depth displayed in (A) (black solid, red dash-dot, and dashed blue curves). Gray curve is the seasonal cycle of melt pond fraction shown in (D). When curves of ¢. are lower than the
dashed curves, a light-limited bloom would be permitted in that region. (F) Same as (E) but for the ice thickness seasonal cycles shown in (B).

spend a relatively larger proportion of time in well-illuminated regions,
and hence, a reduction in the mixed layer depth leads to an earlier
bloom onset, with differences in the timing of a bloom of several weeks.
Despite the large offset in the seasonal cycle, blooms are permitted even
in the case of the deepest mixed layer.

The timing of sub-ice blooms is strongly sensitive to variations in sea
ice thickness. Figure 1F again plots curves of ¢, now corresponding to
offsetting the ice thickness seasonal cycle (Fig. 1B, black line) by + 40 cm
(Fig. 1B, dashed blue and dash-dot red lines). This perturbation is
roughly 25% of the reference sea ice thickness in June and is a variation
in ice thickness smaller than the observed changes in Arctic sea ice
thickness over the past 50 years (29). Therefore, the offset in ice thick-
ness considered in Fig. 1 (B and F) may be considered small relative to
the offset examined previously in mixed layer depth (Fig. 1, A and E).
Thinner ice attenuates less light and permits blooms as early as mid-May,
just as melt ponds begin to form. By contrast, thicker ice attenuates more
light and permits no blooms, even when the melt pond fraction is at its
maximum. Note that no bloom was observed until 2011 and that the ice
in the Chukchi Sea used to be much thicker, a pair of observations that are
consistent with our model. This contrasts with the models considered
within the J16 intercomparison, which all predict a summer bloom in
the Chukchi Sea in every year since 1978. We next consider the issue
of Arctic change in more detail.

Sub-ice blooms in a changing Arctic

Arctic sea ice has changed markedly over the past three decades. The
large-scale thinning of sea ice observed in the submarine and satellite
record (29) as well as the increase in melt pond fraction seen in satellite
observations and model simulations (28, 30) suggest that the potential
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for sub-ice blooms has also evolved. We examine a combination of
model and reanalysis data over the period 1986-2015 to investigate
the potential for a trend of sub-ice phytoplankton blooms in the Arctic.

Daily sea ice thickness, ice concentration, and melt pond fraction are
from a stand-alone simulation of the sea ice model CICE (22), including
a prognostic model for the evolution of melt ponds (see the Supplemen-
tary Materials, text S2, and fig. S2 for maps and time series of these data)
(9, 28). The melt pond distributions of the CICE simulation are
consistent with in situ observations and pond statistics for the period
2002-2011 based on MODIS satellite data (30-32). Although these
existing data are too limited to fully validate the simulated melt pond
distribution, the general pattern and evolution of time are within the
range of field observations and detailed process studies, which were
verified with observations (33, 34).

In recent years, the advent of ice-capable Argo floats (35) that can
sample ocean properties in seasonal ice zones, ice-tethered profilers
anchored to perennial sea ice (36), and historical hydrographic data
bring the possibility of an Arctic mixed layer depth climatology within
reach (25). However, data coverage is still neither spatially uniform nor
seasonally consistent, and observational gaps exist, particularly in the
shallow continental shelves. Therefore, our data on ocean mixed layer
depths are taken from the Monthly Isopycnal and Mixed-layer Ocean
Climatology (MIMOC), which combines Argo float, ship-board, and
ice-tethered profiler data (37). Because of the sparsity of data, we use
the same annual cycle of mixed layer depth for each year. As previously
discussed, the model is insensitive to perturbations in mixed layer depth.
Surface shortwave irradiance data are from the NCEP-2 reanalysis (27).
All data are interpolated to a 0.5° by 0.5° grid for latitudes greater than 60°N
and a temporal resolution of 1 per day.
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At each ocean grid point, we calculate whether conditions can lead to
phytoplankton population growth using the critical pond criterion, Eq. 4.
To restrict our interest to only Arctic sub-ice blooms, we excluded grid cells
with less than 80% ice concentration, typically defined as the “marginal ice
zone,” from the calculation (in contrast to J16, which included these regions
when computing under ice primary production). As mentioned above, the
marginal ice zone was previously considered the only site where sub-ice
phytoplankton blooms were possible (38, 39), but the focus of this study is
on blooms underneath sea ice, where open-ocean or marginal ice zone
processes, like wind-driven vertical mixing, are less important. We addi-
tionally exclude Baffin Bay from the study region to focus on the Arctic
Basin alone. The binary data on whether conditions support a bloom are
then binned into the calendar months May, June, and July and averaged
over each of the time periods 1986-1995, 1996-2005, and 2006-2015.
Figure 2 shows the average number of days in each month and each dec-
ade that sufficient solar radiation reaches the ocean to satisfy the critical
pond hypothesis (because any area with greater than 80% ice concentra-
tion at least once during each period is included in the analysis, some
regions with an average ice concentration of less than 80% during a given
decade are shown as ice-covered in Fig. 2). Estimated sensitivity ranges
are provided in the Supplementary Materials and tables S1 and S2.

May sea ice conditions generally do not support sub-ice blooms in
all three decades (Fig. 2, A to C), apart from the lower latitudes of the

g 1996-2005

g
N J %

17

European Arctic and Kara Sea near the marginal ice zone, where the sea
ice is thin. In these locations, sufficient PAR for a phytoplankton bloom
penetrates through the ice once per month at most, on average.
Conditions leading to a sub-ice bloom are generally not found in the
Chukchi Sea at any point in May over any of the analyzed time periods.

The calculated prevalence of sub-ice bloom-permitting conditions
during June has increased markedly (Fig. 2, D to F). Over the period
1986-1995, small regions of the European and Russian Arctic near the
ice edge and off the coast of Greenland have sufficient light penetration
to permit a bloom, up to twice a month on average. From 1996 to 2005,
these regions expand, with regions of the European Arctic and Kara Sea
having bloom-permitting conditions up to eight times per month (Fig.
2E). In the decade 2006-2015, in the month of June (Fig. 2F), a wide swath
of the Russian Arctic has sufficient light conditions to permit a sub-ice
bloom at least 5 days per month, with frequencies reaching over 10 days
per month in the East Siberian Sea and Kara Sea. Conditions supportive of
the massive sub-ice bloom observed in the Chukchi Sea in 2011 (4) are
found over the most recent two decades and are much more prevalent from
2006 to 2015. The region in which it was observed (Fig. 2, D to F, red box)
experiences a large increase in bloom likelihood over the study period.
From 1986 to 1995 (Fig. 2D), the light conditions necessary to support
sub-ice blooms occurred with a frequency of less than 1 day per month.
Over the period 1996-2005 (Fig. 2E), there was sufficient under-ice light
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Fig. 2. Spatial map of the average number of days of sufficient light for sub-ice phytoplankton blooms over time. (A to C) Shading indicates the number of days in May,
from 1986 to 1995 (A), 1996 to 2005 (B), and 2006 to 2015 (C), where a sub-ice bloom is permitted. (D to F) Same as (A) to (C) but for June. (G to I) Same as (A) to (C) but for July. Red
boxes in (D) to (F) indicate the region of the 2011 cruise. Baffin Bay and regions with an ice concentration less than 80% at every point during each time period are colored blue.

Continents are colored gray.
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for a bloom to occur roughly 1 day per month in June. From 2006 to 2015
(Fig. 2F), these conditions arose on average 5 days per month. Light
conditions that may lead to the initiation of a sub-ice bloom also occur
increasingly throughout the Arctic in July (Fig. 2, G to I), reaching to the
interior of the Arctic. From 2006 to 2015, the bloom-permitting
conditions arose more than 7 days per month across the Russian
and European Arctic and up to 5 days per month in the Chukchi Sea.
To quantify whether a region in the Arctic Ocean (which we again
define as all ocean points north of 70°N, excluding Baffin Bay) may have
had a sub-ice bloom, a region is defined to be bloom-permitting in each
month that it absorbs sufficient light for growth for three consecutive
days. Phytoplankton growth rates observed in the 2011 Chukchi bloom
exceeded 1 per day; therefore, these bloom-permitting areas permit suf-
ficient light for at least three doublings of the phytoplankton population.
Figure 3 (A to C) shows a time series of the fraction of the Arctic Ocean
meeting this criterion in each calendar month. The results support the
hypothesis that large-scale changes to the sea ice cover have triggered a
new ecological paradigm: In June, the fraction of the Arctic supporting
sub-ice blooms in each year increases by 5% per decade, from less than
3.0% in 1986 to an average of 13.1% over the period of 2006-2015, with
a maximum yearly percentage of 23% in 2007. In July, the effect is sim-
ilarly significant, increasing by 7% per decade from less than 5% in 1986
to an average of 21.3% over the period 2006-2015, with a maximum of
28% in 2013. Each time series has a significant amount of year-to-year
variability in bloom-permitting fraction due to the changing regional
ice, ocean, and atmospheric conditions. This level of year-to-year vari-
ability in blooming is not demonstrated in the J16 intercomparison.
To attribute these changes to trends in sea ice thickness and melt
pond fraction, we perform a set of attribution studies, with results
shown in Table 1. In each case, we fix one or more fields (ice concen-
tration ¢, melt pond fraction ¢, or ice thickness &) at average values from
1986 to 1995 in each month (May, June, and July). We then compute
the percentage of the Arctic that is bloom-permitting from 2006 to
2015, allowing the other variables to vary in time. By comparing the
model output when all fields vary together to the output when each
trend is suppressed in turn, we can infer which fields have had the most
significant limiting effect on the increasing trend demonstrated in Fig. 3.
In interpreting the results of Table 1, note that when a field is “fixed,” this
removes the effects of the trend in this field (increasing melt pond frac-
tion, decreasing ice thickness, and decreasing total ice concentration).
When the trend in melt pond fraction is suppressed, ¢ is fixed at its
mean 1986-1995 values, and sea ice thickness and concentration vary.

In this case, 7.9% of the Arctic Ocean permits blooms in June and 16.2%
in July over 2006-2015. When the trend in sea ice thickness is sup-
pressed instead and ¢ varies in time, the fraction of the Arctic Ocean
that supports sub-ice blooms over 2006-2015 is 1.5% in June and
2.2% in July. From this, we infer that the thinning of sea ice has had
a more significant direct effect on the increasing spatial coverage of
bloom-permitting regions in June and July than has the increasing trend
in melt pond fraction.

Over the period 1986-2015, the area covered by sea ice in the Arctic
has decreased significantly (see the Supplementary Materials and fig S2).
The percentages reported above are computed as fractions of the Arctic
Ocean, not of the ice-covered regions. Any increase in bloom-permitting
fraction occurs despite the declining ice-covered area, which has reduced
the available percentage of the Arctic Ocean that could permit sub-ice
blooms from May to July. We can evaluate the significance of the declin-
ing sea ice area coverage by fixing the sea ice concentration field at its
1986-1995 average values. In this case, the fraction of the Arctic that
has sufficient light to permit sub-ice blooms is 2.1% in May, 16.0 % in
June, and 31.1% in July on average over the period 2006-2015, indicating
that the decrease in sea ice area coverage has decreased the extent of the
Arctic that may experience sub-ice blooms. Regions that were ice-covered
from 1986 to 1995, but not from 2006 to 2015, may still experience
phytoplankton blooms tied to the retreating ice edge, as discussed in the
study of Perrette et al. (3).

To consider whether trends in bloom-permitting fraction may be
suppressed by the declining sea ice area over the period 1986-2015,
we consider the bloom-permitting fraction over 2006-2015 when the
ice concentration field is fixed at its 1986-1995 average. When the ice
thickness trend is also held at its 1986-1995 average, a smaller propor-
tion of the Arctic is found to be bloom-permitting than when the melt
pond fraction is also held at its 1986-1995 average (1.1% versus 11.6%
in June and 2.0% versus 29.5% in July).

Both Pan-Arctic average sea ice thickness and melt pond fraction
have significant trends over the study period (see the Supplementary
Materials and fig S2). From these attribution studies, we conclude that
the direct cause of the increase in Pan-Arctic bloom potential is a de-
clining sea ice thickness field, with the increasing trend in melt pond
fraction having a comparatively insignificant effect. This does not ac-
count for the relationship between pond fraction and sea ice thickness.
Melt ponds are significant for sub-ice blooms in two ways. First, sea ice
thinning is enhanced by increasing melt pond fraction. Because of the
reduced surface albedo of ponded ice, melt ponds increase the absorption
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Fig. 3. Evolution and variability of the pan-Arctic likelihood of sub-ice blooms over time. (A to C) Percentage by area of the Arctic Ocean that has greater than 80% ice
concentration and permits growth for at least three consecutive days in May (A), June (B), and July (C). Red dashed lines are linear fits to the data.
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Table 1. Analysis of the causes of changes in sub-ice blooms in the Arctic
Ocean. The average fraction of the Arctic Ocean that permits a light-limited
sub-ice bloom from 2006 to 2015 when labeled external fields are held con-
stant at their mean 1986-1995 values. The Arctic is defined as the region with
latitudes greater than 70°N, excluding Baffin Bay. Percentage by area refers to
the average area of the Arctic with an ice concentration greater than 80%, in
which at least three consecutive days permit enough light for a light-limited
bloom to occur, averaged over the time period 2006-2015. The notation “x fixed”
refers to output when the variable x is fixed at its mean 1986-1996 values. Varia-
bles that may be fixed are the ice thickness h, melt pond fraction ¢, and ice con-
centration c. The final row is the average fraction of the Arctic Ocean that permits
a light-limited sub-ice bloom from 2006 to 2015 when the melt pond fraction ¢ is
is always equal to zero.

June % area

May % area

July % area

of solar radiation within the sea ice itself, thereby boosting its melting and
thinning it (20, 21). CICE simulations that include the prognostic evolu-
tion of melt ponds have thinner ice than those that do not (9). Over the
period 2006-2015, ice thickness is reduced in simulations with melt pond
evolution by 3.8 cm in May, 4.5 cm in June, and 25.2 cm in July in the ice-
covered regions considered by our analysis. Second, melt ponds are
needed for there to be a significant overall potential for sub-ice blooming.
When the melt pond fraction is set to be zero in all ice-covered regions,
the percentage of the Arctic that is bloom-permitting from 2006 to 2015 is
less than 1% in May, 4.4% in June, and 6.1% in July (Table 1, final row).

DISCUSSION
The observation of a phytoplankton bloom underneath sea ice in
July 2011 represented a major change in the scientific understanding of
the Arctic Ocean and its ecology. We find that this may be a conse-
quence of the thinning of the Arctic sea ice cover observed over the
satellite era. Sea ice conditions permitting sufficient PAR for sub-ice
blooms have become common in the present-day Arctic, having been
rare 30 years ago. In our analysis, we find that these conditions may have
existed over 30% of the Arctic in recent years, in the months of June and
July, with changes driven primarily by declining sea ice thickness. This
indicates that climate change has markedly altered the ecological under-
pinnings of the Arctic Ocean and its carbon cycle (40). The greater-
than-expected net primary productivity under sea ice has been discussed
in the context of the Chukchi bloom (4, 7). Therefore, those authors’ ex-
trapolations of the impacts of these blooms on the Arctic carbon cycle
based on the Chukchi bloom are supported by our modeling study.
The model described above is based on the long-standing paradigm
that blooms in the Arctic Ocean are light-limited, as evidenced by the
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fact that they are tied to the seasonal retreat of the ice edge (3). This is
only a necessary condition for sub-ice blooms. The presence or lack of
nutrients may also limit the genesis of blooms. Therefore, predictions of
sub-ice blooms in the modern Arctic will require modeling of the under-
ice nutrient distribution alongside the light distribution to support and
confirm contemporaneous observations. Observing these blooms re-
mains a challenge because satellites do not observe chlorophyll through
sea ice and ship-based measurements are expensive and localized. There-
fore, the results of this study should prove useful for planning future ex-
peditions aimed at observing these blooms. We would suggest the use of
moorings in the high-bloom likelihood regions seen in Fig. 2, in the
Chukchi Sea or Russian Arctic, to validate the results presented above
and observe the Pan-Arctic frequency of sub-ice blooms. In the future,
because the Arctic sea ice continues to thin, the frequency and extent
of June and July blooms may increase even further. The specific con-
sequences of this marked shift in the Arctic marine ecosystem and carbon
budget are an important area for future inquiry.

MATERIALS AND METHODS

Sub-ice critical depth model

The time evolution of the cumulative population of phytoplankton
P(D), over a mixed layer of depth D, is described by the equation

= (G(D) - L(D))P(D) (5)

where G(D) (in unit s ') is the mean specific (per plankter) growth rate
up to a depth D and L(D) (in unit s ') is similarly the mean specific
population loss rate up to a depth D. Equation 5 implies that the phyto-
plankton population grows exponentially when growth exceeds loss
[G(D) — L(D) > 0).].

The mean growth rate G(D) of phytoplankton populations depends
on converting solar radiation ranging from 400 to 700 nm, known as
PAR, into energy. In a region covered by sea ice of thickness h, we
modeled the PAR at a depth z below the ice according to previous
studies (18, 19)

Ii(z) = Iy(1 — a;)e iMe?

where I, is the PAR incident on the ice surface (in unit W m ), ;= 0.76
is the albedo of bare ice assuming a shallow scattering layer at the ice
surface, «,, = 0.12 m™ ! is the coefficient of extinction of PAR in clear
water, k; = 1.6 (in unit m™") is the extinction coefficient of PAR in
sea ice, both following Beer’s law, and z is negative downward. Ponded
ice has a surface albedo 0, = 0.2 that accounts for scattering within the
pond layer; therefore, the radiation penetrating the pond to the ice below
is (1 — 0,)lp. The PAR, I,,(2), under a melt pond at a depth z for ice of
thickness £ is

In(z) = Iy ™M (1 — a,)e™”

We assumed that phytoplankton populations are well mixed laterally
on scales larger than the typical spacing of melt ponds and respond to
a weighted average of the PAR by melt pond area fraction. The total
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PAR, I(z), underneath a region of ponded ice of thickness # and melt
pond area fraction ¢ is

I(z) = 0Ln(2) + (1 — 0)Ii(2), (6)
= Ipe M[(1 = ap)0 + (1 — 0)(1 — a;)]e™*

Phytoplankton growth at depth z was assumed to be linearly related to
the light intensity I(z) with a proportionality coefficient u (in unit m ™
(11). Phytoplankton decay was assumed uniform, independent of z, at a
rate I" (in unit m~" s™"). The mean growth rate was then determined by
integrating Eq. 6

The mean death rate L(D) is simply

1 0

=— [Tdz=T
D “p

L(D)

Parameters used to evaluate sub-ice blooms

The compensation irradiance, I'/i1 was estimated using data from the
North Water Polynya (17), with units of mol quantam™>d ™" (whered =
day) and a range of 1.9 + 0.3 mol quanta m > d”". T/ was measured in
the North Atlantic via satellite (13), with values in a similar range (1.3 =
0.3), although to the authors’ knowledge, no similar measurements exist
in the high Arctic. On the basis of this similarity, we assumed that the
magnitude of this factor is relatively spatially uniform and in this range
in the Arctic. The conversion factor from these units to W m™> was ap-
proximately 2.5 W mol ' quanta d™' for PAR from sunlight; thus, we ap-
proximated T'/u = 4.5 W m™ as a representative value. The clear-water
attenuation coefficient ranged from 0.09 to 0.16 m™" for wavelengths in
the range (412,555) (16). We chose 0.12 m'asa representative value.
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content/full/3/3/e1601191/DC1

text S1. Sensitivity to extinction coefficient in ice.

text S2. Evolution of fields over time.

text S3. Sensitivity analysis: Bounds on the area that permits sub-ice blooms.
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