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Abstract Recent receding of the ice pack allowsmore sunlight to penetrate into the Arctic Ocean, enhancing
productivity of a single annual phytoplankton bloom. Increasing river runoff may, however, enhance the yet
pronounced upper ocean stratification and prevent any significant wind-driven vertical mixing and upward
supply of nutrients, counteracting the additional light available to phytoplankton. Vertical mixing of the
upper ocean is the key process that will determine the fate of marine Arctic ecosystems. Here we reveal
an unexpected consequence of the Arctic ice loss: regions are now developing a second bloom in the fall,
which coincides with delayed freezeup and increased exposure of the sea surface to wind stress. This implies
that wind-driven vertical mixing during fall is indeed significant, at least enough to promote further primary
production. The Arctic Ocean seems to be experiencing a fundamental shift from a polar to a temperate
mode, which is likely to alter the marine ecosystem.

1. Introduction

The Arctic sea ice cover is undergoing an unprecedented decline [Overland et al., 2014; Serreze et al., 2007].
From 1979 to 2012, the September ice extent decreased by an average of 14±3% per decade, accompanied
by drastic changes in sea ice thickness [Overland and Wang, 2013]. An increasing surface area of the Arctic
Ocean is thus exposed to direct sunlight during summer and fall, resulting in a longer season for phytoplankton
growth [Arrigo et al., 2008]. Analyses of satellite-sensed ocean color data suggest that, as a consequence,
the Pan-Arctic annual phytoplankton primary production has increased by more than 20% since 1998 [Arrigo
and van Dijken, 2011; Bélanger et al., 2013]. Other observations, however, show an enhanced upper ocean
stratification driven by increases in river discharge of buoyant freshwater to the Arctic Ocean, as for instance,
in the Beaufort Gyre [Morison et al., 2012; Yamamoto-Kawai et al., 2009]. This process reduces vertical mixing
and thus decreases the input of nutrients from the deep pool to the sunlit surface layer. The phytoplankton
community has responded to this change in stratification by increasing the abundance of small-sized species
typical of oligotrophic regimes [Li et al., 2009]. Differences in vertical mixing and upward nutrient resupply
during fall/winter (i.e., before freezeup) are likely responsible for the observed variability in the productivity
of spring blooms across the Arctic Ocean [Tremblay and Gagnon, 2009], whereas the inorganic nutrients
provided by rivers have little impact beyond local estuarine transition zones [Le Fouest et al., 2013].

Decline in the summer extent of the ice pack allows increased air-ocean exchange of momentum, moisture,
and heat, which enhances the strength and size of Arctic storms [Long and Perrie, 2012; Simmonds and Keay,
2009]. Such storms promote vertical mixing and nutrient replenishment to the well-lit surface layer [Pickart
et al., 2013; Zhang et al., 2013]. A key and vigorously debated question about possible changes in primary
production and marine ecosystems in the Arctic Ocean is whether the decrease in summer sea ice, which
increases light availability and lengthens the growing season, is also conducive to enhanced vertical mixing
and thereby only to additional primary production.

The phenology of phytoplankton blooms can be observed using time series of surface chlorophyll a
concentrations derived from ocean-color remote sensing [Chiswell et al., 2013; Sapiano et al., 2012; Vargas
et al., 2009; Zhai et al., 2012]. At temperate latitudes, two phytoplankton blooms develop every year: a main
one in spring when light availability is high, the mixed layer is shallow and nutrients are abundant due to
winter deep mixing; and a secondary bloom during late summer/early fall (denoted here as “fall”) when light
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availability is still relatively high and storm-driven mixing replenishes nutrients in the upper well-lit layer.
At high latitudes, the spring bloom occurs without a subsequent fall bloom. The absence of a fall bloom
can be attributed to a combination of several processes: (1) light is limited by low Sun elevation and/or sea ice
formation, (2) strong stratification, and/or (3) sea ice freezeup inhibits wind-driven vertical mixing and nutrient
replenishment of the well-lit surface layer. Here we present an unexpected consequence of Arctic ice loss:
regions that experienced a single annual bloom only a decade ago now develop a second bloom in the fall.

2. Materials and Methods
2.1. Satellite Data and Time Series Analysis

Satellite-derived chlorophyll a (chl a) concentrations from Sea-viewing Wide Field-of-view Sensor (SeaWiFS)
(1998–2002) and Moderate Resolution Imaging Spectroradiometer (MODIS) (2003–2012) daily Level 3 were
downloaded fromNASA’s ocean color website (http://oceandata.sci.gsfc.nasa.gov) for latitude greater than 50°N.
The standard OC4v4 andOC3 algorithms for SeaWiFS andMODIS, respectively [O’Reilly et al., 1998], were used to
retrieve chl a concentration. A new 25 km resolution grid was generated, and rather than averaging the 9 km
(SeaWiFS) and 4 km (MODIS) pixels within a 25 km grid cell, the value of each SeaWiFS and MODIS pixel was
kept to avoid any loss of information during fitting. For example, for a given day, if five MODIS pixels
were available in a 25 km grid cell, these data were not averaged, but stored and used in the locally
weighted scatterplot smoothing (LOESS) (see section 2.2 and the supporting information for details).
Daily satellite-derived sea ice concentration data from Special Sensor Microwave Imager (SSMI) (1998–2007)
and SSMI/Sounder (2008–2012) sensors were obtained from the National Snow and Ice Data Center (NSIDC,
http://nsidc.org) [Cavalieri et al., 1996;Maslanik and Stroeve, 1999]. Values of each SeaWiFS and MODIS pixel in
area where sea ice concentration was greater than 10% were discarded to avoid possible contamination of
the ocean color signal [Arrigo and van Dijken, 2011; Bélanger et al., 2007, 2013]. To compensate for the
scarce number of valid pixels in the Arctic Ocean due to sea ice and cloud cover, the daily chl a data were
aggregated over three time periods (i.e., without any averaging for time series analysis) according to the
following years: 1998–2001, 2002–2006, and 2007–2012. This partitioning was chosen based on changes
in September sea ice extent during 1998–2012 using a test for significant differences (analysis of variance test,
p< 0.001, see the supporting information and Figure S4 for details).

To infer the number of stormy days, we used the reanalysis 2 derived wind data at 10m with a 6 h temporal
resolution from the National Center for Environmental Prediction (NCEP) [Kalnay et al., 1996] (http://www.
esrl.noaa.gov/psd). At any given grid point in the data set, the number of stormy days was defined as
the total time in days for which the wind speed estimates were higher than 10m s�1 between 1 September
and 30 October, which corresponds to a number ranging between 0 and 61 days. The number of stormy
days over open waters was obtained by adding the condition that the satellite-derived sea ice concentration
interpolated to the time and location of the wind estimate is less than 10%. A spatial map of trends was
generated using the slopes of the linear regression of the number of stormy days against time in year between
1998 and 2012. Note that only trends (i.e., regression slopes) significantly different from zero (p< 0.05) were
displayed (within one standard deviation).

2.2. Model of Phytoplankton Phenology

A strategy of forward selection was used to determine the type of phytoplankton annual cycle (see the
supporting information for details), which means that incremental complexity (i.e., addition of new terms) of
the model was tested for significance (i.e., p< 0.05) [Sapiano et al., 2012; Vargas et al., 2009]. In other words, if
the addition of a new term was not proved statistically significant, the previous model was chosen to be the
most representative of the phytoplankton annual cycle. The optimization of the parameters and the evaluation
of the statistical significance of added terms in our step-by-step approachwere performed using a nonlinear least
squares optimization function (nls(); package stats in R). The simplest model was a straight line of slope 0 and
intercept β0 which corresponds to a constant value of chl a concentration. The most complex parameterization
of the phytoplankton annual cycle was a two-peak Gaussian model superimposed over a background
concentration of phytoplankton [Zhai et al., 2012], which is expressed as follows:

chla tð Þ ¼ β0 þ a1e
� t�tm1ð Þ2

2σ2
1

� �
þ a2e

� t�tm2ð Þ2
2σ2

2

� �
; (1)

where subscripts 1 and 2 refer to the first and second peak of phytoplankton biomass, β0 is the background
chl a concentration (mg chl a m�3), ai corresponds to the amplitude of peak i = 1, 2 (mg chl a m�3), tm,i
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Figure 2. Current shifts in Arctic phytoplankton phenology above the Arctic Circle (>66.58°N). (a) Histogram of different types of annual cycles for three periods
(1998–2001, 2002–2006, and 2007–2012). (b) Map adapted from the World Wildlife Fund agency showing percent change in double bloom occurrence between two
periods (1998–2001 versus 2007–2012) for each Arctic region (numbered within dark circles): (1) Chukchi Sea, (2) East Siberian Sea, (3) central Arctic Ocean – Canadian
Basin, (4) central Arctic Ocean – Eurasian Basin, (5) Laptev Sea, (6) Kara Sea, (7) North and East Barents Sea, (8) northern Norway and Finnmark, (9) Norwegian Sea, (10) Fram
Strait – Greenland Sea, (11) East Greenland Shelf, (12) North Greenland, (13) West Greenland Shelf, (14) Baffin Bay, (15) Baffin Bay – Canadian Shelf, (16) Lancaster
Sound, (17) Arctic Archipelago, (18) Beaufort – Amundsen – Viscount Melville – Queen Maud, and (19) Beaufort Sea – continental coast and shelf. The minimum
September sea ice extent in 2012 is indicated in dark color.

Figure 1. Phytoplankton phenology above 50°N. (a) Climatology (1998–2012) of the different types of annual cycles (i.e., flat, single bloom, or double bloom). The white
area corresponds to theminimum sea ice cover over the period 1998–2012 and the void of remotely sensed ocean color data. (b) Latitudinal proportion of each phenology.
The smoothing of each phenology is obtained using a LOESS polynomial fit (span=0.13). Shaded areas provide confidence intervals (0.95 significance level).
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is the time when peaks i = 1, 2 reaches the maximum (day), and σi represents the width (day) at half
the maximum of peak i = 1, 2.

Using 15 years (1998–2012) of remotely sensed ocean color data, we established annual time series of chl a
concentration at the ocean surface for each pixel of the 25 km resolution Arctic grid and produced a
climatological (time-averaged) spatial map of the three dominant annual phytoplankton cycles: flat, single
bloom, or double bloom (Figure 1).

3. Results and Discussion

At temperate latitudes, a double bloom (both spring and fall) dominates in the northern Atlantic and Pacific
oceans (~75% of occurrences, see Figure 1b). Moving north from Greenland, the Bering and Labrador seas
(above 65°N), the single annual phytoplankton bloom pattern increases at the expense of the double bloom
pattern. These single blooms dominate the Arctic seas at latitudes above 73°N, especially in the Western
Arctic Ocean. However, in the eastern Arctic Ocean influenced by Atlantic waters (i.e., Norwegian and
Greenland seas), both spring and fall blooms remain the main feature of phytoplankton phenology. Above
80°N, a ring of flat annual cycles (no discernible bloom) is associated with the ice edge along the annual
minimum ice extent.

When comparing three periods (1998–2001, 2002–2006, and 2007–2012), and selecting only the areas
that were seasonally sea ice free above the Arctic Circle (>66.58°N) for all three periods, we found a shift
from the flat pattern of ice edges to one and two annual phytoplankton blooms over the last 15 years

Figure 3. Interplay between wind forcing and open water during fall in the Arctic Ocean. (a–c) Maps of the number of days in September and October when wind
speed is higher than 10m s�1 and ice concentrations are smaller than 10%, per year, averaged for three different periods. (d) Trends in the number of stormy
days over open water between 1998 and 2012. (e) Time series of the Arctic-wide average of ice-free days (black), stormy days (red), and stormy days over
open water (blue) in September and October of each year. Number of stormy days during the summer (July–August, pink) is plotted for reference. Arctic-wide
trends are listed with a 95% confidence interval.
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(χ2 test, p< 0.001, Figure 2a). Fall blooms have become more common in most regions of the Arctic Ocean
(Figure 2b). This phenological shift may be amplified in the future if the growing season continues to
lengthen across the Arctic Ocean (see the supporting information, Figures S7a–S7c).

To test whether these changes in phytoplankton bloom phenology were related to changes in wind-driven
mixing in the moderately stratified waters of the high Arctic, we calculated the number of high-wind events
over regions of open waters. A conservative minimum wind speed threshold of 10m s�1 was selected to
induce vertical mixing in sea ice free arctic waters as documented in previous studies [Long and Perrie, 2012;
Pickart et al., 2013; Rainville and Woodgate, 2009; Simmonds and Keay, 2009]. Our results show that the
average number of stormy days over open waters during September and October significantly increased
during the last decade over most of the Arctic Ocean (Figures 3a–3d). This trend results from the combined
increase in surface area of open waters and the increase in the frequency and intensity of fall storms
(Figure 3e), as suggested by model simulations [Long and Perrie, 2012]. Concurrently, the sea ice cover
reaches its minimum in September [Overland and Wang, 2013], a period where the number of stormy days
doubles over the last decade (Figure 3e).

Observations and models show that storms over ice-free waters input momentum in the ocean, driving
near-inertial motions in the surface mixed layer, instabilities, and vertical mixing [Alford and Gregg, 2001;
Jochum et al., 2013]. Wind-driven mixing and the incidental upward supply of nutrients trigger fall blooms at
temperate latitudes [Chiswell et al., 2013] and could well be the cause of incipient fall blooms at high latitudes,
provided that wind stress is sufficient to weaken the strong vertical stratification. This scenario is consistent
with observations collected with moored sensors in the southern Chukchi Sea showing significant increase in
near-inertial current speeds in the water column and large vertical current shear, and presumably vertical
mixing, extending late into the fall, until the area is covered by newly formed ice [Rainville andWoodgate, 2009].
Interestingly, the fall bloom appears to be damped in regions where the accumulation of freshwater is largest
and vertical stratification is strongest [Morison et al., 2012] (see also the western Canada Basin in Figure 2b).
Thus, changes in phytoplankton phenology appear to be regional and increasing light availability will have
an impact on annual primary production and the development of new fall blooms in regions where wind-
driven mixing can penetrate deep enough to bring nutrients to the surface [Ardyna et al., 2011]. On the other
hand, the impact of light availability will be small or negligible in regions of the Arctic Ocean where strong
stratification inhibits wind-driven mixing.

The alteration ofmarine Arctic ecosystems clearly goes beyond the early onset of phytoplankton blooms [Kahru
et al., 2010]; the “polar” paradigm of a single bloom and subsequent sedimentation of organic matter is
being challenged at high northern latitudes. In addition to recent northwardmigrations of temperate species in
Arctic waters [Grebmeier et al., 2006], a phenology of biological productivity with two phytoplankton blooms
and two peaks of sedimentation may become prevalent. The copepods Calanus hyperboreus and Calanus
glacialis, currently the dominant phytoplankton grazers on Arctic shelves, have been shown to be able to
exploit episodic fall phytoplankton blooms, by increasing their recruitment and, presumably, that of carnivores
higher up in the food web [Forest et al., 2011; Tremblay et al., 2011]. In a changing Arctic Ocean, the spring
bloomwill undoubtedly remain themajor annual primary production event for carbon export to higher trophic
levels and sequestration [Ardyna et al., 2013; Wassmann et al., 1991]. However, changes in phytoplankton
phenology or additional pulses of phytoplankton primary productionmay alter the foodweb structure and lead
to major ecosystem level changes in an environment where consumers must make the most of the short
productive period before the long winter sets in. The observations reported in this study undoubtedly
challenge the current understanding of Arctic ecosystems and provides new insights into their future.
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