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Abstract. Ice-edge blooms are significant features of Arctic by the time ice cover recedes, Sverdru@9%3 criterion of
primary production, yet have received relatively little atten- a mixed layer shallower than the critical depth is met, making
tion. Here we combine satellite ocean colour and sea-ice datthe light regime suitable for phytoplankton growth. Ice-edge
in a pan-Arctic study. Ice-edge blooms occur in all season-blooms are generally understood as short-lived phenomena
ally ice-covered areas and from spring to late summer, beindghat quickly strip out the nutrients of the shallow (15-35m)
observed in 77-89% of locations for which adequate data exsurface mixed layer characteristic of seasonally ice-covered
ist, and usually peaking within 20 days of ice retreat. Theywaters Niebauey1991). The area located between the multi-
sometimes form long belts along the ice-edge (greater thayear ice and maximal extent is the seasonal ice cover, and this
100 km), although smaller structures were also found. Theforms the subject of this study, with a particular focus on the
bloom peak is on average more than 1 nmgfmwith major ~ marginal ice zone (MIZ), which is the region of recent ice
blooms more than 10mgm, and is usually located close melt.

to the ice-edge, though not always. Some propagate behind |ce-edge phytoplankton blooms have been detected from
the receding ice-edge over hundreds of kilometres and ovegryises in many locations including Bering Sedeander
several months, while others remain stationary. The strongnd Niebauer1981 Niebauer et al.1995, Chukchi and
connection between ice retreat and productivity suggests thgseaufort SeasHill et al., 2005 Sukhanova et al.2009,
the ongoing changes in Arctic sea-ice may have a significantgnadian ArchipelagoK(ein et al, 2002 Tremblay et al.
impact on higher trophic levels and local fish stocks. 2006, Greenland SeaSmith et al, 1997, Barents Sea
(Luchetta et al.200Q Hegseth and Sundfjor®008, and
also in the Southern Ocea®rfith and Nelson1985. In
1 Introduction the Barents Sea and on the Bering Shelf they are thought
to account for 50-65% of annual primary producti&ak-
The classical picture of Arctic ice-edge phytoplankton shaug2004. Indications of ice-edge blooms had been noted
blooms found in the literature — mainly based on cruise tran{n ocean colour imagery from the Coastal Zone Color Scan-
sects — is of a long but narrow (20-100 km) band along thener (e.g.Maynard 1986 Maynard et al. 1987 Mitchell et
ice-edge, moving northward as the ice breaks up and meltdl. 1991 Kogeler and Rey1999 but detailed investigations
over spring and summerSékshaug and Skjoldall989. were not possible on account of its poor sampling due to lim-
They differ from more traditional open-water blooms with ited onboard storage, and underestimation problems close to
respect to the nature of water column stratification, here inice due to a “ringing effect” as the scan line moved from
duced primarily by freshwater input instead of solar heating.Pright to dark featuresMitchell et al, 1993). The launch
When sea-ice breaks up and melts, there is an input of frestof the SeaWiFS in 1997 ushered in a new era of long-term
water to the surface that induces strong stratification. An-continuous ocean colour observations, with the whole globe
other causal factor is increased solar irradiance at the surfacg@mpled every two days, albeit that in some places cloud fre-

as ice cover shrinks. Since irradiance is typically sufficientauently obscures the surface. However, the potential of the
SeaWiFS archive for the investigation of ice-edge blooms

has only led to a few publications to date (eAyrrigo and

Correspondence tdv. Perrette van Dijken 2004, and thus a primary aim of this study is
BY

(mahe.perrette @pik-potsdam.de) to fill this gap and investigate their existence at the large
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«— MIZ period— flagged as contaminated by sea-ice and chlorophyll values

100 2.5 .
: . are therefore unavailable.
_ 80 — 4 2.0z We define the MIZ as the region for which ice concentra-
4 | g = tion is reduced to consistently less than 10% within the last
g 60 i 158 20 days (i.e. no new growth of sea-ice or import of drifting
S 40 10 2 ice until the end of the season; Fi. The temporal cover-
S - 3 age of ocean colour sensors is poor at high latitudes with gaps
20 p o (052 that can last for several weeks, especially during the ice-melt
10 L2 7 s 0 ~ period. There is an average of five observations per pixel in
420 130 140 150 160 170 180 190 200 these first 20 days. This relatively poor coverage is in part the
Days since start of 2007 result of heavy fog that forms at this time of the year as rela-

tively warm water is exposed to the colder atmosphere. This
Fig. 1. lllustration of data coverage for an example location in Baf- phenomenon adds to the effect of clouds and ice on masking
fin Bay, showing our definition of the MIZ period and the existence the sea surface. Even when available, the quality of ocean
of an ice-edge bloom. Our MIZ period is up to 20 days after sea- olour data may be further affected by ,sea-ice present at the
ice concentration is durably below 10%, and a bloom is registeredc boixel leRel t al.200 d by Col d Di
when chlorophyll concentration exceeds 0.5 m‘g% SUDPIXE] sca eﬁe ang_er et aj. 7 an . y -0 oure_ IS-.

solved Organic Material (CDOM) that is abundant in Arctic
waters. The globally-calibrated, empirical algorithm OC4v4
may therefore include large errors in chlorophyll retrieval
(Cota et al,2004 Gregg and CaseR004), although its per-
formance remains comparable to the regionally-tuned algo-
rithm OC4L (Wang and Cota2003 Matsuoka et a).2005.

scale. It is essential to understand the dynamics of phyto
plankton blooms and their future evolution because of their
impact on primary production, which in turn affects higher
trophic levels Hunt et al, 2002. Bloom dynamics also play = W " ‘
a major role in carbon sequestration and expdtagsmann Those def|C|enC|es are, however, _not cn_ucgl to this study of
et al, 2008, and there is considerable uncertainty about theblooms, since the biases are consstent in tlm.e and space and
changes they will undergo in response to further ice shrink-tnus relative changes are meaningful. Subpixel contamina-
age in the next few decadeSakshaug2004 Tremblay and tion and the adjacency effect do indeed occur near the ice-
Gagnon 2009. Satellite observations provide a synoptic- €d9€ but, to our knowledge, separately of geographical loca-

scale picture of these blooms, necessary for the developmefPn- All of the data that we analyzed were selected on the

of a theoretical understanding that will permit their future Pasis of their proximity to the ice-edge, and should therefore
forecasting. be affected equally. However, we recognize that variations in

the availability of data within the 20-day MIZ period, in re-
lation to cloud and fog cover, may force sampling at varying
distances from the ice-edge. This may therefore introduce a
bias with respect to the possible contamination identified by

Chlorophyll concentrations are obtained from Level 3, daily Bélanger’s work, and more importantly with respect to the
SeaWiFS ocean colour dateerived using the OC4v4 em- bloom development stage. Our assumption here is that the
pirical algorithm, and are provided on a Cartesian, 1/12 scale of such variability is small and that it does not affect the
g“d (Corresponding to 9 km or sma”er). Sea-ice Concentrajnterpretaﬁon of observed patterns at the pan-ArCtiC |eve|, al-
tions are obtained from National Snow and Ice Data Centethough careful interpretation of the results is needed for the
(NS|DC), and are based on da||y passive microwave radiomjocations where this could not be verified (eg the hlgh Arc-
etry with the Bootstrap algorithmOpmisq 1999. Sea-ice  tic). Regarding CDOM, areas known for having high load
fields are provided on a polar stereographic grid, at 25 kmare reported throughout the text. Fortunately, a high preci-
resolution; here we interpolate them onto the chlorophyllSion in the measurements is largely secondary in much of the
grid using a nearest neighbour scheme (sensitivity tests fin@nalysis conducted here, since blooms are readily identified
that the type of interpolation applied has little influence on by order of magnitude changes over more than one pixel.
the results; results not shown). The SeaWiFS and NSIDC Some aspects of this work however involve quantitative
datasets both cover the period 1998-2007. analysis that is more sensitive to the quality of chlorophyll

Following Pabi et al(2008, we set the boundary between data and requires a closer inspection. The problem of sub-
sea-ice and open-water as a sea-ice concentration of 109Bixel contamination by sea-ice has been recently addressed
This value is considered reliable for this type of measurement? the literature Bélanger et aj.2007), and results sug-
(Worby and Comisp2004), and this threshold approximately 9est that chlorophyll may be overestimated at moderate to

corresponds to the value above which ocean colour data ar@igh concentration £0.5mgn1?), and underestimated at
low concentration (0.05mgn?). This effect is amplified

Ihttp://oceandata.sci.gsfc.nasa.gov/SeaWiFS/Mapped/Daily/ by the presence of CDOMBélanger et al(2007) report
chlor/ however that only a small fraction of pixels are affected.

2 Sources of satellite data
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Fig. 2. Examples of ice-edge phytoplankton blooms and their evolution in different marginal seas of the Arctic. Barent&apAarii

1998 (71-78 N) and(b) August 2000 (79—-81N). (c) Chukchi Sea in July 2004d, e) Davis Strait and Baffin Bay in July 2001 showing

the change that occurs in 20 days. All images are 5-day composites of chlorophyll (SeaWiFS) overlaid with sea-ice contours (NSIDC) at
10%, 50% and 70%. White areas are missing chlorophyll data. Arrows indicate the propagation direction of the ice-edge, and hence of the
blooms.

A chlorophyll threshold of 0.5mg m? has been defined in  quality control. MODIS data are used in this study to provide

our work to identify the blooms (see next section), basedan independant, conservative estimate for bloom occurrence,

on visual observation and knowledge of bloom dynamics.recognizing that the lack of valid data in MODIS is a strong

It is worth noting that this chlorophyll level is less affected bias toward underestimation. Due to the substantial area of

by subpixel contamination, and is therefore well suited to Arctic coastline being potentially affected by the riverine in-

discriminate between background chlorophyll concentrationput and spurious effect of CDOM we excluded coastal areas

and blooming conditions. Automatic flagging of pixels dur- from the analysis.

ing the processing of water-leaving radiance may fail to de-

tect such contaminatioglanger et a) 2007, and compari-

son with another chlorophyll dataset (MODIS) indicates that3 Illustrative examples

detection of subpixel contamination and more generally re-

trieval of chlorophyll in Arctic water varies between sensors. This section describes the occurrence of major ice-edge

Visual inspection (not shown) reveals indeed that at certairphytoplankton blooms in various regions, and provides an

locations and times SeaWiFS data appears noisy (likely th@verview of their diversity in shape, intensity and timing. All

effect described above) while this is not the case for MODIS,images shown in this section are 5-day composites to over-

which is smoother and has in general lower chlorophyll val-come data gaps.

ues. MODIS has however a very poor coverage in the Arctic The Barents Sea is one of the most studied regions regard-

(half as many observations as SeaWiFS in the MIZ on avering ice-edge phytoplankton blooms, lying between Norway

age, not shown), which is possibly a result of using stricterand the Svalbard Archipelago. An early bloom occurred in
1998 at the southernmost edge of the ice’7B° N) that
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Fig. 3. An example of the propagation of an ice-edge phytoplankton bloom west of Greenland over a 25-dayapédrjar} The three

images are 5-day composites of chlorophyll (SeaWiFS) overlaid with sea-ice contours (NSIDC) at 10%, 50% and 70%. White areas are
missing chlorophyll data. Panél) shows a corresponding Howtter diagram at 69N that illustrates the progression of the 2007 bloom,

and shows that this can be followed for many months despite large data gaps. The black line indicates the 10% sea-ice contour. Colour code
is the same as Fi@.

propagated over-100 km in a month (Fig2a). Figure2b leaving behind a trace of chlorophyll, a sign of the ice-edge
shows a bloom occurring in 2000, much further north atbloom’s presence. The ice-edge blooms thus follow the re-
80° N and three and a half months later. These illustrate thedreating sea-ice whatever its direction of propagation, indi-
length of the melt season and size of the seasonal ice coverating the strength of the biophysical coupling with sea-ice.
in this region. Here, major blooms-@ mg n12) are not seen

propagating over the whole region, but are rather manifested

as transient local increases in chlorophyll. Smaller blooms4 A bloom in motion

usually propagate over greater distances, following the clas- ] o ] o

sical view depicted byakshaug and Skjoldé1989. Most One of the main chgractenstl_cs ofan |ce—gdge bloor_n isits lo-
blooms form a band of usually less than 100 km width, with cal transience and its wave-like propagation, sometimes over

chlorophyll values near the ice edge distinctly greater than ird"€at distances, as illustrated by three 5-day composites at
post-bloom conditions<0.4 mg n3). intervals of 10 days (Fig3a—c). This massive bloom was

) ) ) - observed off the west coast of Greenland and started some
The Chukchi Sea (Figc) in the Pacific sector presents the ;e prior to Fig.3a when the sea-ice broke up, and disap-
same type of ice retreat northwards, but the northernmost icepeared shortly after Figc. The peak of the bloom is located
edge is now at 72N, the same latitude as the southern Bar- haar byt outside the 10% ice contour, which makes it easily
ents Sea. Here (23 July 2004), blooms occur all along the icegpseryaple from satellite. Low chlorophyll values are vis-
edge in a very long band, forming a circular arc that grows aspe petween the main patch of the bloom and the sea-ice.
the ice melts further away, leaving behind post-bloom condi-thjs ¢ould indicate that in this region the bloom onset oc-
tions with very low surface chlorophyll concentration. The . s in open-water: however, the chlorophyll estimates may
Bering Strait, visible at t_he south o_f the re_gion, has contin-j,¢ piased low due to the adjacency effect, whereby reflec-
uous blooms due to the inflow of high-nutrient wateaK-  {jons from nearby ice affect the brightness of an image pixel

shaug 2004). High values along the coast should be viewed Bélanger et a).2007). In any case, the bloom terminates at
with caution since these waters are likely to be contaminatedq_100 km behind the retreating ice edge.

by CDOM from rivers. A Hovmoller diagram (Fig3d) shows the evolution of the
Sea-ice retreat is not always northward, as exemplified irbloom at 69 N, based on daily chlorophyll and sea-ice data.
the region west of Greenland: Baffin Bay and Davis Strait The bloom lifetime does not exceed 20 days locally but over
(Figs. 2d—e). The composites are 20 days apart and shovits whole course its duration is of the order of 2—3 months.
the course of the ice retreat, shrinking both westward fromThe uncertainty regarding its duration comes both from the
Greenland and south-eastward from the north. The ice remissing data between days 190 and 215, and from the choice
mains in the middle of the bay before melting completely, of a chlorophyll threshold to define the bloom. Indeed,

Biogeosciences, 8, 51524, 2011 www.biogeosciences.net/8/515/2011/
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although the bloom clearly weakens as it moves westward,
the chlorophyll values in the vicinity of the ice edge remain
above a level of 0.5 mg ¥, before finally decreasing to an

Ice < 10%

open-water background value after a few weeks. The ex- 250
ception is near the coast where chlorophyll remains mod-
erately high all the year round (though, again, this may be
confounded by CDOM contamination). The bloom starts ap- 200
proximately at the time when the ice concentration falls be- &
low 10%, though the combined effect of sea-ice and clouds ¥ 2
means that the first valid pixel often coincides with a bloom 150 §
situation (concentratios 0.5 mg nT3) as can be seen on ver-
tical sections of the Hoviller diagram. On the eastern 160
side (54-56W) there is a larger lag between ice retreat and
blooms, making the classification as to whether open ocear
or ice-edge bloom unclear. Such delayed blooms principally
occur when the ice-edge retreat has stagnated. A more typ
ical ice-edge bloom then develops once the retreat recom- Bloom peak
mences. 10

5
5 Synthetic view of the blooms at the pan-Arctic level
The transient aspect of ice-edge blooms and their timing, 2 %
strongly related to sea-ice melt, make them difficult to detect 1 o
in monthly averages of satellite data. An alternative approach =
consists in producing a composite figure in which each pixel 05
corresponds to the MIZ period locally, independent of its
neighbours Arrigo et al, 2008 Pabi et al, 2008. Such a 0.2
composite can span a period of several months. In practical
terms for this study, ice-edge blooms have been assumed t 01
occur up to 20 days after ice concentration becomes durably .
less than 10% (see Sect. 2 and Hijy. Figure4a shows the Observations
timing of the first ice-free day in that sense, for 2007, and 15
this is used subsequently to delimit the MIZ period. Features
such as ice-retreat path and overall ice-melt timing for all re-
gions of the Arctic are visible.

Figure 4b shows the chlorophyll level at the peak of the 10
transient ice-edge bloom. Again, high coastal values on the g
Eurasian and western Canadian shelves are regarded cal o
tiously due to significant riverine inputs with high CDOM <
loading. It is noticeable that blooms are almost ubiquitous S
in the Arctic. In particular, Baffin Bay and the whole Cana-
dian Archipelago, Barents Sea, Greenland Sea, Beaufort ant
Chukchi Sea, as well as the Russian Seas commonly ex: 0

perience strong (1-10mgTd) blooms. Taking the mean
or median of the chlorophyll levels during the MIZ period o . .
does the choice of a 15- or 20-day MIZ period. mask is shown in dark grey, light grey areas correspond to per-

. . Lo . .. .. manent sea-ice cover, and white areas to open-ocean or missing
Missing data is a major issue with remote sensing in h'ghdata. (a) First day of the year that is durably ice-freéb) Max-

latitudes, especially for ice-edge blooms. Even with clear Skyimum chlorophyll concentration attained within the moving MIZ.

conditions, partial sea-ice cover (where a remotely-sensege,) Number of valid SeaWiFS chiorophyll observations within the
pixel contains both open water and sea-ice) may hide thegyz.

first phase of the bloom or sometimes its peak, leading to
underestimation. The impact of sea-ice is difficult to assess
without in situ data, but clouds or fog can be monitored by

www.biogeosciences.net/8/515/2011/ Biogeosciences, 8 52452011
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@) [ T_WiZ domain x 10* adequately observed, 89% fulfil the latter criterion. If the
| I No. with = 3 obs 1? < MODIS sensor is used instead of SeaWiFS, a more conser-
| | I chi > 0.5 mg.m”® , & vative value of 77% is found, due to the combined effects
5;3020 E of fewer observations (as MODIS has a narrower swath) and
| — <0 1 e lower chlorophyll estimates (as MODIS is biased lower than
S SeaWiFS) that decrease the likelihood of observations ex-
QOOZ ceeding the 0.5 mg n¥ threshold (see Sect. 2). Fot30%

b of points with recorded blooms the first observation is the
highest, indicating that the bloom probably peaked before
the ice concentration durably reduced to below 10%, while a
further 52% show the chlorophyll peaking in the MIZ period.
Mundy et al.(2009 report that epontic algae growing on the
underside of sea-ice may initiate a bloom before ice-melt has
60 8 100 120 140 160 180 200 220 240 occurred, but not all such species will survive and prosper

Ice—free day . . . . K
within the water. The remainder have values increasing still

Fig. 5. Summary statistics for whole Arctic during 20Q&) Num- after the end of _the MIZ and may be due to slow develqp-
ber of MIZ pixels that become ice-free on a given day (light grey); Ment, to becoming part of an open-water bloom, to being
pixels with more than 3 valid chlorophyll observations (dark grey); downstream of the Bering Strait (which has high productiv-
and those classified as a bloom (bladk). For adequately observed ity year round) or to CDOM contamination (most likely in
blooms in MIZ, the percentage of them showing peak occurring be-the Russian seas). Indeed, nearly half the blooms have termi-
fore durably ice-free £10%) conditions (blue); within 0-20 days nated (decreased below 0.5 mg#Hiwithin the MIZ period.
of melt period (green); or later (red). The above values are averages over the whole year, but sep-
aration into different melt periods (Figb) shows pre-melt
noting the number of valid chlorophyll data points in the MIZ blooms are uncommon early on (insufficient light) and late-
period (Fig.4c). In this way it is found that around half of peak blooms rare after day 230, when growth conditions are
the pixels have at least 3 observations during the MIZ periodpropitious but the period ice-free may be only 20 days.
and allow detection of the blooms. However, poor coverage, We now consider primary production in the Arctic basin,
such as in the high Arctic (186210 E) or in central Baffin  and the contribution made by ice-edge blooms. There are a
Bay, coincides with areas of apparently lower peak chloro-number of different algorithms for estimating primary pro-
phyll concentration. This often corresponds to cases whereluction from remotely-sensed variables such as sea surface
the first valid data arrive almost at the end of the MIZ pe- chlorophyll. However, as most were developed for global-
riod as defined above, and therefore find post-bloom condiscale applications and none are well-validated for the Arctic
tions. In the high Arctic, the strongly stratified environment region, here we use a simple and commonly used one, the
and associated low nutrient concentrations may explain thevertically generalised production model (VGPBehrenfeld
absence of a bloom. Alternatively, since the pack ice partlyand Falkowski1997. This algorithm estimates the produc-
breaks during summer, light should reach the ocean surfactton of organic matter based on surface chlorophyll, photo-
and potentially allow phytoplankton growth and nutrient ex- synthetically available radiation (PAR), sea surface tempera-
haustion before the first data are collected, even though thereure and day length. Because of the considerable uncertain-
is still too much ice for bloom detection by remote sensing.ties involved in estimating Arctic productivity in this way,
Nonetheless, given the absence of reliable observations iwhich stem from both the input data and the VGPM'’s bi-
these regions it is not clear whether there is really minimalological assumptions, we use this algorithm for illustrative
growth (partly engendered by lack of nutrients) or that therepurposes only. Appendix A describes estimates made using
is a rapid and short-lived bloom that is hidden by clouds, fogalternative algorithms that are broadly in agreement with the
or sea-ice. This underlines a limitation of satellite data in thatVGPM results. Figuréa shows the resulting total primary
the apparent absence of a bloom does not mean that one digtoduction for the seasonally-covered ice region for 2007.
not occur. Unsurprisingly, production is greatest in coastal waters and
The frequency of occurrence of ice-edge blooms in 2007more southerly areas where the ice-free period is of great-
is quantified in Fig.5a. The melt season spans from day est duration. To estimate the importance of ice-edge blooms,
60 in the Atlantic sector to day 250 at high latitudes (seeFig. 6b shows the ratio of mean production rate in the first
Fig. 4a), with the majority of the melting occurring from 20 days after ice retreat to that in the remainder of the ice-
June onwards. To identify an ice-edge bloom, we requirefree period. At higher latitudes, close to the permanent sea-
a minimum of 3 valid chlorophyll observations within the ice, the MIZ period is more productive, often significantly
MIZ period, and that at least one exceeds a bloom thresholdo, although with considerable variability. One source of this
of 0.5mgnT3. Moreover, we apply a coastal mask to di- variability is the date on which ice cover is first lost, and the
minish the impact of CDOM contamination. Of those points duration of ice-free conditions.

Biogeosciences, 8, 51524, 2011 www.biogeosciences.net/8/515/2011/
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6 Conclusions and perspectives

TPP ice-free

Satellite ocean colour sensors are the only instruments that

500 . . . :
provide a synoptic-scale view of ice-edge phytoplankton
‘ blooms and their propagation following the receding sea-ice.
1400 Although noted in a number of hydrographic surveys, their

occurrence has never before been fully quantified. However,
satellites suffer from gaps in the data record due to clouds,
fog and (more intrinsically) sea-ice. Of points becoming
durably ice-free only~50% have at least 3 observations in
the succeeding 20 days, but 89% of these cases showed a
bloom in that period. This value carries some uncertainty
due to limitations of remote-sensing in the Arctic (in par-
ticular sub-pixel contamination of sea-ice; eBglanger et

al., 2007 Wang and Shi2009, but another sensor with a
different chlorophyll retrieval algorithm and less data cov-
erage also yielded a very high occurrence frequency (77%;
see Sect. 5). A greater occurrence of blooms may be masked
by the long data gaps in the MIZ period. For half of the
points showing an ice-edge bloom, it terminates within 20
days indicating the rapid response needed by those wishing
to sample it directly.

For regions of early ice melt, MIZ blooms are less com-
mon, and their contribution to annual primary productivity
is diminished by the long periods available for open-water
blooms. However, at high latitudes mean productivity rates
during the MIZ period may be 1.5-2 times greater than those
in open-water conditions. Note, though, that the productiv-
ity algorithms used here are likely to be poorly-optimised for
estimating Arctic primary production. While MIZ blooms
occur in thin, highly stratified surface layers and produce
readily discernible chlorophyll signals, open-water blooms
vertically-integrated primary production for the seasonal ice zone’® spreaq across t'hlcker mixed layers that result in .aweaker
for the full year. (b) Ratio of average production rate in MIZ pe- surface signal, while deep blooms at th_e pycnocline pro-
riod to that for the rest of the ice-free period. Warmer colours (red-duce no detectable surface signal at Ba(tin et al, 2010.
yellow) indicate regions where the MIZ exhibits higher rates of pro- These factors may act to exaggerate the magnitude of the
ductivity than the rest of the year. In both panels, the land mask isMIZ blooms relative to primary production later in the Arctic
shown in dark grey, light grey areas correspond to permanent seaseason.
ice cover, and white areas to open-ocean or missing data. Understanding ice-edge blooms and their timing is valu-

able to identify links with higher trophic levels and, eventu-
ally, fish stocks. For instancelunt et al.(2002 showed that
either top-down or bottom-up regimes can exist in the south-

An important caveat is that phytoplankton mostly occur ern Bering Sea, depending on the timing of the ice-retreat
in the upper mixed layer during the initial ice-edge bloom, and therefore blooming. Water temperature at the time of the
but may subsequently occur below the mixed layer later inbloom may limit or favour zooplankton larvae growth and
the summer open-water period, at a depth which prevents resurvival. InHunt et al.(2002), late ice-melt was related to
mote detection by satellite. Consequently, estimates of botkearly blooming while early melt found late blooms. In our
phytoplankton abundance and associated primary productioatudy, blooms closely follow the ice retreat leading to a more
may be systematically biased in favour of ice-edge bloomsdirect relationship. The implication of inter-annual changes
On the other hand, phytoplankton at depth will experiencein the timing of this retreat for fish recruitment needs further
much-decreased PAR availability, and consequently may bénvestigation.
expected to have lower growth rates and be less productive. Changes in ice melt driven by anthropogenic climate
The application of VGPM here effectively assumes that, inchange may lead to a seasonally ice-free Arctic Ocean, with
the absence of more detailed supporting data, these two bisubstantially different heat and freshwater budgets and strat-
ases approximately cancel. ification (Serreze et al.2007. This could lead to ice-edge

Fig. 6. Summary statistics for whole Arctic during 200&) Total
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TPP ice-free

gcmy!

Fig. Al. Alternative algorithms for estimating Arctic primary production. Par(@)sand (b) show total vertically-integrated primary
production for the seasonal ice zone for the full year for @er (2002 and Marra et al.(2003 algorithms respectively. Pang(s) and

(d) show the corresponding ratios of average production rate in MIZ period to that for the rest of the ice-free period. In these latter panels,
warmer colours (red-yellow) indicate regions where the MIZ exhibits higher rates of productivity than the rest of the year. In all panels, the
land mask is shown in dark grey, light grey areas correspond to permanent sea-ice cover, and white areas to open ocean or missing data.

blooms propagating over much greater distances as the medind Woodgate2009 will determine the future characteris-
season becomes longer. Whether these blooms become maies of blooms and primary production in the Arctic Ocean.
intense and prolonged and ultimately increase total Arctic

primary production will depend on the fate of the Arctic halo-

cline that currently isolates the surface euphotic layer fromappendix A

the deep nutrient pool. The balance between projected in-

creased riverine inputPeterson et a12002, modified ice  In the preceding analysis of Arctic primary productivity, we
transport Serreze et al2007), increase in stormsvang et employed a widely-used algorithm, the VGPRehrenfeld
al,, 2004 and internal waves eroding the haloclifafnville  and Falkowski 1997, to estimate the seasonal pattern and
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distribution of production. This algorithm, in common with Bélanger, S., Ehn, J. K., and Babin, M.: Impact of sea
most comparable algorithms, was developed for the global ice on the retrieval of water-leaving reflectance, chlorophyll
ocean, and has not been specifically optimised for Arctic & concentration and inherent optical properties from satel-
conditions. To assess the significance of our choice, here we litt ocean color data, Remote Sens. Environ., 111, 51-68,

employ two further algorithms to separately calculate Arctic doi;\jo.El(.)EG/j:rse.2007f.03.0130(|)7. ductivity in £ Bound
prlmal‘y productlon arr, M.-E.: Estimation o potentla pro UCthItyln astern Bound-

. . . ary Currents using remote sensing, Deep-Sea Res. Il, 49, 59-80,
The algorithms used for this analysis &arr (2002 and y g g P

. 2002.
Marra et al.(2003. Both utilise the same (or feweC€arr, Comiso, J.: Bootstrap Sea Ice Concentrations from NIMBUS-7

2003 spatio-temporal input fields as the VGPM algorithm:  sMmR and DMSP SSM/I, 19982007, National Snow and Ice
surface chlorophyll (mgm?®), photosynthetically available Data Center, Boulder, Colorado USA, (updated 2008), 1999.
radiation (E nT? d—1), sea surface temperatuf€] and frac-  Cota, G. F., Wang, J., and Comiso, J. C.. Transforma-
tional day length (-). tion of global satellite chlorophyll retrievals with a region-
Figure A1 reproduces the fields shown in Fig.but for ally tuned algorithm, Remote Sens. Environ., 90, 373-377,
these two further algorithms. As panels a and b show, neij- doi:10.1016/j.rse.2004.01.008004.
ther algorithm finds the Arctic as productive as the VGPM, €99, W. W. and Casey, N. W.: Global and regional evaluation of
particularlyCarr (2002. Nonetheless, both algorithms con- the SeaWiFS chlorophyll data set, Remote Sens. Environ., 93,

. L . . ) 463-479d0i:10.1016/j.rse.2003.12.012004.
cur with the VGPM in finding high productivity along Arc Hegseth, E. N. and Sundfjord, A.: Intrusion and blooming of At-

tic coastl|ne§, parnculgrly in th.e Barents apd Chukchi seas, lantic phytoplankton species in the high Arctic, J. Mar. Syst., 74,
although neither algorithm estimates as high values for the 145 119d0i:10.1016/j,jmarsys.2007.11.012008.

Kara and Laptev seas as the VGPM does. Hill, V., Cota, G. F., and Stockwell, D.: Spring and sum-
Although the new algorithms estimate significantly lower  mer phytoplankton communities in the Chukchi and East-
production in the Arctic, both indicate comparable impor- ern Beaufort Seas, Deep-Sea Res. Pt. Il, 52, 3369-3385,

tance of the MIZ for the Arctic growing season. As in Fiy. doi:10.1016/j.dsr2.2005.10.012005.
panels (c) and (d) show the ratio of MIZ productivity to that Hunt, G. L., Stabeno, P., Walters, G., Sinclair, E., Brodeur, R. D.,
of the rest of the ice-free period. Both algorithms agree with  Napp, J. M., and Bond, N. A.: Climate change and control of the

the VGPM in finding large regions of the Arctic in which the southeastern Beri_ng Sea pelagic ecosystem, Deep-Sea Res. Pt. Il,
MIZ experiences significantly higher productivity. 49, 5821-58530i:10.1016/50967-0645(02)003212D02.

| th h fthe al ith ined h Klein, B., LeBlanc, B., Mei, Z.-P., Beret, R., Michaud, J., Mundy,
n summary, though none of the aigorithms examined here C. J., von Quillfeldt, C. H., Garneau, M.-E., Roy, S., Gratton,

is tailored for the Arctic Ocean, and they disagree aboutthe v cochran J. K. Blanger, S., Larouche, P., Pakulski, J. D.

absolute magnitude and distribution of primary productivity,  Rivkin, R. B., and Legendre, L.: Phytoplankton biomass, produc-
they broadly agree on the importance of MIZ production. tion and potential export in the North Water, Deep-Sea Res. Pt. I,
49, 4983-500240i:10.1016/S0967-0645(02)001742D02.
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