


with relatively high nitrate concentrations found there, not only in the
2000s and 2010s, but also in some of the earlier years such as 1991
(Fig. 8). In particular, the 2011 ICESCAPE MUPB (Arrigo et al., 2012,
2014; also see model results in Figs. 7 and 8f) is located close to the
100 m isobath where the simulated nitrate concentration remains
high in June (Fig. 14f).

Other mechanisms may also change nutrient availability and
influence phytoplankton growth on the shelf. Nutrients upwelled
at the shelf break may spread more widely onto the shelf (Spall
et al., 2014), which, together with winter nutrient regeneration
and the inflow of nutrient rich Pacific water, contributes to the
often high nitrate concentration on the interior shelf (Fig. 14).

Fig. 12. Simulated June mean snow depth (m) for six evenly spaced years.

Fig. 13. Simulated June mean photosynthetically active radiation (PAR) (W m–2) at the ocean surface six evenly spaced years.
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The nutrient-rich Pacific water inflow is seen particularly in 2011,
where elevated nitrate in the southern and western Chukchi Sea
follows the known pathway of northward advection of Pacific
water along the coast of Anadyr (Fig. 14f). In June 1991, nitrate
concentration remains high in much of the central Chukchi Sea
(Fig. 14a) where phytoplankton growth is strong (Figs. 9a and 10a),
even though the simulated PAR is not high (Fig. 13a). As a result,
MUPBs are widespread in the region on 3 July 1991 (Fig. 8a).

Thus, on the one hand, the simulated MUPBs are sporadic and
patchy because of the strong spatiotemporal changes in light and
nutrient availability. On the other hand, there is high probability
of occurrence of MUPBs in the shelf break areas where nutrients
may not be depleted during mid-June and mid-July, particularly
in recent years with decreasing sea ice and snow cover such
that enhanced light availability may reach the shelf break areas
(Fig. 13d–f).

4. Concluding remarks

We have used the BIOMAS biophysical model to investigate the
influence of sea ice and snow cover and nutrient availability on the
formation of MUPBs in the Chukchi Sea of the Arctic Ocean over
the past two and half decades. The coupled biophysical model is
able to realistically simulate sea ice thickness and extent, snow
depth, and variations of PP and chl a and nitrate concentration in
the Arctic Ocean. This is demonstrated through comparisons with
satellite, in situ, and airborne observations, although model over-
estimation or underestimation may occur at some times or locat-
ions. In particular, it captures the basic features of the ICESCAPE
observed MUPB in July 2011, at the appropriate time and location.
The model's underestimation, to some degree, of the magnitude of
the MUPB at ICESCAPE station 56 and the general underestimation
of observed POC at depth not only at station 56 but also at other
stations may suggest the necessity of introducing melt pond
parameterization into the model to enhance light penetration
through ice and into the water column.

According to the model, the Chukchi Sea is characterized prom-
inently by a steep decrease in sea ice and snow cover in June, often
being snow free by late June, which greatly elevates light avail-
ability. This triggers a rapid increases of PP and chl a concentration
and drawdown of nutrients. Though only simple metric, the multi-
plication of nitrate concentration and PAR is illustrative of the
prominent actions occurring in June. As a combined effect of
PAR and nutrient supply, there is a sharp peak of PP and chl a
concentration at the end of June and in early July. The sharpness
and the magnitude of the chl a concentration peak suggests that
MUPBs are most likely to occur between mid-June and mid-July.

As suggested by satellite data (Lowry et al., 2014), model results
show that under-ice blooms occur not only in the ICESCAPE year of
2011, but also in previous years. This is also true with MUPBs,
according to the model. Model results further show that under-ice
blooms are widespread in the Chukchi Sea, with a mean area
fraction of 0.46 during June–July over the period 1988–2013. This
is in contrast to MUPBs with a mean area fraction of a mere 0.08 or
8%. Although small in magnitude, the simulated area fraction of
MUPBs has been increasing at a rate of 2.0% yr–1 over 1988–2013.
The increase in the area fraction is concurrent with an increase in
the simulated surface PP (3.2% yr–1) and chl a concentration (2.8%
yr–1) in the region over 1988–2013. The mean chl a value over the
areas with MUPBs is also increasing, but the rate of increase is
much smaller and statistically insignificant. The increase in phy-
toplankton growth and biomass is closely linked to an increase in
light availability, as a result of decreasing sea ice (–1.9% yr–1) and
snow (–3.9% yr–1) cover. The increase is also in response to an
increase in nutrient availability in the upper 100 m, which is
linked to enhanced air–sea exchange and strengthened upwelling
and mixing in the water column in an ice-diminishing environment
that facilitates an intensified Beaufort gyre (e.g., Proshutinsky et al.,
2009; Yang, 2009; McLaughlin and Carmack, 2010; Zhang et al.,
2010a; McPhee, 2013).

Model results further indicate the sporadic and patchy nature
of MUPBs in the Chukchi Sea. The timing, location, and magnitude
of MUPBs vary considerably in time and space, because of strong

Fig. 14. Simulated June mean surface nitrate concentration (mmol N m–3) for six evenly spaced years.
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spatiotemporal variations of light and nutrient availability. How-
ever, as observed during ICESCAPE, there is high probability of
occurrence of MUPBs in the shelf break areas where enhanced
nutrient concentration is simulated because of generally robust
upwelling and other dynamic ocean processes in the shelf break
areas such as mixing and horizontal advection (also see Pickart
et al., 2013; Spall et al., 2014). This is particularly so in recent years
with decreasing sea ice and snow cover such that enhanced light
availability may reach the shelf break areas earlier to boost MUPBs
there. Hence the simulated occurrence of MUPBs there is more
frequent in the past decade than in the 1990s. The tendency to
form MUPBs in the shelf break areas would only increase in the
future if the sea ice and snow cover continues to decline and the
Beaufort gyre continues to intensify, until at some point nutrient
limitation starts to play a stronger role in the shelf break areas.
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