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ABSTRACT: A more comprehensive understanding of how ocean temperatures influence cocco-
lithophorid production of particulate inorganic carbon (PIC) will make it easier to constrain the
effect of ocean acidification in the future. We studied the effect of temperature on Emiliania
huxleyi PIC production in the Barents Sea using ocean colour remote sensing data. Gross annual
PIC production was calculated for 1998-2011 from SeaWiFS and MODIS data and coupled with
results from previous studies to create a time-series from 1979-2011. Using that data, we investi-
gated (1) correlations between various climate indices, models and temperature recordings of the
Kola transect, and (2) the dynamics of temperature and PIC production. A strong inverse correla-
tion (r? = 0.88) was found between the strength of the North Atlantic subpolar gyre (SPG) with a
3 yr lead and major trends in temperatures from the Kola transect. The effect of ocean temperature
on PIC production was complex but generally positive, explaining roughly 50 % of the annual vari-
ability and indicating that rising temperatures in the North Atlantic may favour coccolithophorid
PIC production in the Barents Sea. Positive phases of the Atlantic multidecadal oscillation tended
to precede PIC blooms by 1 yr.
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INTRODUCTION

Coccolithophorids (Haptophyta) are responsible
for a major part of calcium carbonate formation in the
global ocean through the production of coccoliths
and are at the centre of ongoing discussions regard-
ing ecological impacts of ocean acidification (Feely et
al. 2004, Beaufort et al. 2007, Balch & Utgoff 2009,
Doney et al. 2009). Coccoliths elevate the albedo of
the sea and are quantifiable as particulate inorganic
carbon (PIC) through ocean colour remote sensing
(Balch et al. 2005).

*Email: erlendkj@bio.ntnu.no

The coccolithophorid Emiliania huxleyi (Lohmann)
appears to have advanced into the sub-Arctic Bering
and Barents Seas during the last 3 decades and has
established annual bloom events in both areas (Merico
et al. 2003, Smyth et al. 2004, Sukhanova et al. 2004,
Hovland et al. 2013). Enhanced stratification, low nu-
trient availability and relatively high irradiance are
considered important inducing conditions for E.
huxleyi blooms (Nanninga & Tyrrell 1996, Iglesias-
Rodriguez et al. 2002, Tyrrell & Merico 2004). How-
ever, it is still not possible to model the actual
non-bloom to bloom transitions in a realistic manner
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(Merico et al. 2004). In the case of the Bering Sea, the
appearance of E. huxleyi blooms was connected to
the El Nino event in 1997, with a particularly shallow
mixed layer depth (MLD) and resulting high sea sur-
face temperature (SST) 3-4°C above normal (Vance
et al. 1998, but see Merico et al. 2003). Studies have
yet to discover similar connections between the E.
huxleyi bloom occurrence in the Barents Sea and
large-scale climate forces in the Atlantic.

There is a strong link between atmospheric forcing
and variations in ocean circulation. The subpolar
gyre (SPG) has been used as a proxy of ocean current
systems in the North Atlantic from altimetry data
(Hakkinen 2001, Hakkinen & Rhines 2004). Here, sea
surface height (SSH) is used to reflect changes in
both heat storage (Hékkinen & Rhines 2004, Hatun et
al. 2005) and water buoyancy (Larsen et al. 2012).
The main forcing mechanisms behind the strength of
the SPG are the wind stress curl (WSC) and heat flux
(Holliday 2003, Boning et al. 2006). The strength of
the gyre, which is inversely related to the 'gyre in-
dex' (SPGi), reflects the extent of cold, low-saline
waters within the North Atlantic, and how these
waters will influence the North Atlantic Current
(NAC) (Hatun et al. 2009b). A weak gyre (high index
values) means warmer, high-saline conditions,
whereas a strong gyre is responsible for an east-
wards shift of cold, low-salinity waters over the Rock-
all Plateau (Hatuin et al. 2009a). Thus, this pool of
water affects the TS (temperature and salinity) struc-
ture of the NAC (Hatun et al. 2005, 2009a, Hatun &
Gaard 2010), and the Norwegian Atlantic Current
(NwAC) (Loeng 1991). Due to upstream oceanic ad-
vection and heat exchange, pronounced or extreme
TS anomalies are usually found in the Fram Strait
with a lag of 3—4 yr, depending on the speed of the
Atlantic water flow (Holliday et al. 2008, Lohmann et
al. 2009b).

Besides the impact in the Nordic Seas, the SPG
strength may also be related to deep water formation,
thereby impacting the thermohaline circulation
(THC) (Boning et al. 2006, Lohmann et al. 2009a,
2009b) and the Atlantic multidecadal oscillation
(AMO) (Hatun et al. 2009b). The AMO, coined by
Kerr (2000), describes long-term oscillations (65—
75 yr) in the average North Atlantic SST, and its
phases have profound effects on the ecosystem of the
western hemisphere (Enfield et al. 2001, Knight et al.
2006, Hodson et al. 2010). It is strongly influenced by
the TS properties of the inflow waters to the Nordic
Seas (Holliday et al. 2008, Lohmann et al. 2009b),
which, together with the Labrador/Irminger Sea, are
the main sources of North Atlantic deep water

(NADW) (Hansen & Osterhus 2000, Hansen et al.
2008). Thus, a weak atmospheric forcing (weak SPG,
high SPGi) is linked to positive TS anomalies, which
may then be expected in the Barents Sea 3—-4 yr later
(Holliday et al. 2008).

The North Atlantic Oscillation (NAO) has also been
associated with the strength of the SPG, as both are
influenced by the WSC and water buoyancy (Hakki-
nen & Rhines 2004). NAO is defined as the sea level
pressure (SLP) between the Icelandic low and the
Azores high; thus, in a negative NAO phase (NAO7),
one may observe a weakening of the SPG (Holliday
2003, Lohmann et al. 2009a). The major weakening
of the SPG in the mid-1990s has been linked to a
NAO™, as blocked westerly winds led to a warm,
more saline subpolar ocean (Hakkinen et al. 2011).
Since both are influenced by the westerly winds (Vis-
beck et al. 1998, Hatun et al. 2009a, Hakkinen et al.
2011), the 2 indices are expected to have similar
patterns. As Hakkinen & Rhines (2004) suggested, a
positive NAO (NAO™) leads to an anticyclonic circu-
lation of the WSC; thus, an anticlockwise circulation
that characterizes the SPG. In addition, NAO, which
is used to represent the atmospheric forcing in the
North Atlantic (Hékkinen & Rhines 2004), has also
been linked to the Barents Sea climate variability,
due to a strong correlation with Atlantic water influx
through the Barents Sea Opening (BSO) over the last
30 yr (Sandg et al. 2010).

Increased heat transport via Atlantic water through
the BSO will, along with solar heating, mediate ther-
mal stratification of the upper ocean in the region
(Loeng & Drinkwater 2007), thereby reducing the
upwelling of nutrients—a phenomenon shown to
correlate strongly with coccolithophorid bloom oc-
currence (Tyrrell & Merico 2004). In this sense, the
term 'bloom’ is often used to characterize waters with
more than 1 x 10° Emiliania huxleyi cells m~ (Tyrrell
& Merico 2004). Note, however, that ratios of coccol-
iths to E. huxleyi cells in the North Atlantic have
been reported from 10 to 4000 coccoliths cell’!, de-
monstrating that detached coccoliths normally repre-
sent the bulk PIC in the water column (Van der Wal
et al. 1995, Balch et al. 1996, Smyth et al. 2002).

In the bloom phase of Emiliania huxleyi, PIC con-
centrations may not correlate with chlorophyll a
(chl a), so using PIC as a proxy for E. huxleyi biomass
should be done with caution (Van Bleijswijk et al.
1994, Volent et al. 2011, Hovland et al. 2013). There-
fore, the expression ‘bloom’ in this paper is used as a
biogeochemical term referring to bulk PIC from coc-
coliths rather than phytoplankton biomass. We will
not discuss chl a data here since remote sensing algo-
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Fig. 1. (A) The Barents Sea with the Norwegian coast (N), Russian coast
(R), Svalbard archipelago (S), Novaya Zemlya (Z) and Franz Josef Land
(F). Barents Sea opening (BSO) and Kola transect (K) lines. The region of
interest (ROI) used in this study is outlined in black. Mean position
of the polar front in a relatively warm year as well as current patterns for
Arctic, Atlantic, and coastal waters are shown. Modified from Sunnana et
al. (2009) by permission. (B) Mean temperature from the Kola transect
(0-200 m depth) shown as a blue line. Red and green lines show the
corresponding 5 and 30 yr low pass filtering curves, respectively. The
time-series shows apparent climate fluctuations in quasi-periodic cycles
from years to several decades. Data courtesy of PINRO. Modified from
Ingvaldsen & Loeng (2009) by permission

rithms retrieve chl a poorly in coccolith-dominated
waters with high reflectance and low chlorophyll
(Balch et al. 2005).

This study has 3 main objectives: (1) to evaluate
different approaches of measuring or predicting
ocean temperatures in the southern Barents Sea, (2)
to evaluate bloom dynamics of PIC in the Barents Sea
from ocean colour remote sensing imagery, and (3) to
determine the effect of ocean temperature on the PIC

1960 1970 1980 1990 2000 2010

production of Emiliania huxleyi blooms in
this area. Our main hypothesis is that a
weakening of the SPG will lead to advec-
tion of warmer and more saline waters to
the Barents Sea with a 3-4 yr lag time
and that this will positively affect PIC pro-
duction.

MATERIALS AND METHODS
Study area

The Barents Sea (Fig. 1A) is a shallow,
continental shelf sea covering ~1.5 x
10® km?. It is bordered by the Svalbard
Archipelago in the northwest, the coast of
Finnmark and the Kola peninsula in
south, Franz Josef Land in the northeast,
and Novaya Zemlya in the east. Warmer
North Atlantic water flows in mainly
through the BSO, and is separated from
the colder Arctic water by the polar front
(Loeng 1991). The region of interest (ROI)
used to subset the satellite data in this
study covered all PIC blooms in the
Barents Sea east of the BSO, and was
operationally defined by 69-78°N and
18-52°E, an ocean area of 4.3 x 10° km?
(Fig. 1A). A good overview of the general
physical properties of the ROI during the
relevant Emiliania huxleyi-driven PIC
bloom months (June through September)
can be found in Panteleev et al. (2006).

Annual mean ocean temperature from
the Kola transect shows a variability of
~2°C since the 1900s and a potential long-
term natural periodicity of high and low
temperature evident over roughly 70 yr
(Fig. 1B). There has been a positive trend
in the mean temperatures in the Barents
Sea since the advent of ocean colour satel-
lites used in this study (1979 to 2011), but
temperatures may enter a cooling phase

in the future following the multi-decadal oscillations
observed in the Kola Transect data (see ‘Discussion’).

Data collection

Satellite-derived data on PIC were retrieved from
the Sea-viewing Wide Field-of-view Sensor (Sea-
WiFS) and Moderate Resolution Imaging Spectro-
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radiometer (MODIS) on satellite Aqua from the
Oceancolor website (oceancolor.gsfc.nasa.gov, acces-
sed 15 Jan 2012) as 8 d (weekly) and 30 d (monthly)
averaged data. Monthly SST data from the advanced
very high resolution radiometer (AVHRR) were down-
loaded via the PO.DAAC website (podaac.jpl.nasa.
gov, accessed 15 Jan 2012) and MODIS SST data from
Oceancolor Web. MODIS data (2002-2011) were sup-
plemented with SeaWiFS data to create a time-series
from 1998 through 2011. SSTs from MODIS were sup-
plemented with AVHRR data in the same fashion. All
data were mapped to 9 km resolution.

The SPGi used in this study has been published by
Hatan & Gaard (2010) and Larsen et al. (2012) and is
based on an empirical orthogonal function (EOF; Prei-
sendorfer 1988) created by Hakkinen & Rhines (2004)
from gridded SSH data. Here, we used a time-series
of the gyre index from 1993 to 2011, as in Larsen et al.
(2012), because these are physical data based on sea
height. There is an extended, modelled time-series of
this gyre index (Hatun et al. 2005) that we chose not to
use because this introduced unknown errors. How-
ever, the linear trend of the modelled time-series was
calculated in order to detrend the shorter one.

The AMO index is created from a subset of the
Kaplan extended V2 model of global, detrended SST,
simulated from 1856 until present (Reynolds & Smith
1994, Kaplan et al. 1998). We also retrieved monthly
averaged SST anomalies in the southern Barents Sea
extracted from the Kaplan dataset, constrained to our
ROI and downloaded from the IRI/LDEO Climate
Data Library (iridl.ldeo.columbia.edu, accessed 23
Jun 2012).

Time series of the summer open water index
(SOWI) and ocean stratification strengths were taken
from the dataset of Johannesen et al. (2012). The
SOWI is a quantitative, area-based measure of the
variation in the summer ice-free area north of 79°N
and is an indicator of the area experiencing seasonal
ice melt in the Barents Sea.

The record of various climatic indices from 1951 to
2011, including Arctic oscillation (AO), NAO and
AMO, were retrieved as monthly values from Earth
System Research Laboratory (www.esrl.noaa.gov,
accessed 10 Jun 2012). Records of ocean temperature
and salinity anomalies (TA and SA, respectively)
from the Russian Kola meridian transect (Fig. 1) were
provided by the Polar Research Institute of Marine
Fisheries and Oceanography (PINRO, Murmansk).
Both annual and summer (June through August)
data, averaged over the upper 200 m of Stns 3-7
(70°30'N-72°30'N) were analyzed after linear
detrending of the time-series.

Ocean temperatures

The various approaches and indices to measure
SST and ocean temperature in the Barents Sea were
tested for significant correlations (p < 0.05). Linear
correlations are employed throughout this study.
Temporal leads of 1-4 yr for AMO and SPGi were
also tested, shown as subscript t—x, where x is the
lead time in years.

Bloom threshold

Counts of Emiliania huxleyi cells from water sam-
ples were performed at the Fledevigen marine sta-
tion by the Institute of Marine Research (IMR,
Bergen) in 2005, and the Norwegian Component of
the Ecosystem Studies of Subarctic and Arctic Re-
gions (NESSAR) project in 2007, by means of light
microscopy as described in Hovland et al. (2013).
Satellite-derived PIC values were extracted from
the weekly scene that contained data closest in time
and location to the corresponding cell count, where-
upon the bloom threshold of PIC was calculated by
linear regression forced through the origin. Addi-
tionally, we calculated an average satellite summer
background value from the Sargasso Sea in 4 ran-
domly selected years for comparison before apply-
ing the threshold as the bloom definition to the
satellite data.

Bloom development

Satellite images from the Barents Sea are often
affected by cloud cover (Hovland et al. 2013), and
this was the case especially for the northern part
of the ROIL To account for this, and to avoid the
error that would result from variable coverage
from week to week, we used a ‘composite’ proce-
dure where missing data pixels in a scene were
filled in with the value from the week before. This
introduced an unquantifiable error that should still
be less than assuming no PIC underneath a cloud
covered pixel. For all satellite data calculations,
pixel values were multiplied by the cosine of the
latitude to calculate an area-weighted mean for
the region. Since PIC is logarithmically distributed,
geometric mean was employed for these calcula-
tions. The weekly standing stocks of PIC were cal-
culated assuming a uniform vertical distribution
from the surface to 15 m depth (Hovland et al.
2013).
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PIC production

Gross annual bloom production of PIC was
calculated assuming a 1 wk turnover time for cal-
cite (Buitenhuis et al. 2001) and a weekly calcite
sedimentation rate of 0.21 (Van der Wal et al.
1995). The calculations were based on scenes from
25 June through 11 September (day of the year
177 to 256, Weeks 1-10). The weekly standing
stocks of PIC were thus simply multiplied by 1.21
and summed for each year. After Week 10, low
solar altitude prohibited retrieval of ocean colour
data from the ROI. SST values were also calculated
from monthly scenes, using arithmetic means of
the ROL. In order to investigate for a potential cou-
pling between ocean temperature dynamics and
the PIC production in the Barents Sea, we
compared MODIS data on SST with the corres-
ponding PIC value for each pixel in monthly
scenes of the bloom peak month of August from
2002 to 2011.

Extended PIC record

An extended PIC record of remotely sensed Emil-
iania huxleyi blooms in the Barents Sea was con-
structed as follows: For years 1979 to 1986, bloom
PIC production was set to 0, based on a study of
the Coastal Zone Color Scanner (CZCS) mission
(Brown & Yoder 1994). Smyth et al. (2004) note,
however, that only 87 scenes were available over
the Barents Sea for the entire mission, so blooms
could have occurred in this period. AVHRR obser-
vations of E. huxleyi blooms in the Barents Sea for
the years 1987 to 1997 were visually quantified by
the apparent relative size of the blooms in images
from Smyth et al. (2004). The approach was con-
firmed by visually checking that the monthly aver-
aged bloom area in the AVHRR images in years
1998 to 2002 corresponded in size to the monthly
PIC image from overlapping MODIS and SeaWiFS
scenes. Finally, annual PIC production was taken
from the present data set for the years 1998 to
2011, and the AVHRR observations were scaled
accordingly. We applied this pseudo-quantitative
approach because quantitative inter-satellite com-
parison and ground truthing of reflectance in the
Barents Sea was beyond the scope of this study.
The climatic indices and ocean temperature
datasets were tested for correlations with the
extended PIC record, in order to uncover indices
capable of describing the variability in PIC.

RESULTS
Ocean temperatures

Of the correlations between indices and tempera-
tures, the most striking feature was a very robust cor-
relation (r> = 0.87) between the detrended, annual
Kola TA and the gyre index with a 3 yr lead (SPGi,_3,
Table 1, Fig. 2) over the last 2 decades. Lead times of
2 and 4 yr yielded r? values of only 0.48 and 0.42,
respectively. Kola TA for a given year could be esti-
mated with the relation: Kola TA = 0.59 + 1.91 x
SPGi;_3.

The SPGi, 3 had the lead time with the strongest
correlation of both remotely sensed SST and Kaplan
SSTA for the Barents Sea with an r? of ~0.5. Similar
strength of correlation was observed between the
instantaneous AMO and SPGi. Somewhat ambi-
guous to the 3 yr lead, Kola TA displayed almost
identical correlation strength with both AMO,_, and
AMO,_s;, but the r? of these (~0.23) were much lower
than that with the SPGi, 3 (Table 1). SPGi,_; also
correlated positively with SOWI (r? = 0.39, p = 0.018,
n = 14).

Kola TA correlated significantly with SST, with the
Kaplan SSTA dataset having a slightly higher r? than
that of the remotely sensed SST (Table 1). Between
them, the Kaplan dataset and the remotely sensed
SST displayed a fairly robust correlation of r? = 0.64.
Kola SA displayed significant but very weak correla-
tion with AMO, , and AMO,_3, as well as a stronger
correlation with remotely sensed SST (Table 1).

NAO yielded only one significant result: a negative
correlation with AMO (r? = 0.20, p < 0.001, n = 61).
AO displayed some significant, albeit very weak, cor-
relations with Kola TA (positive), AMO (negative)
and Kaplan SSTA (positive). r* was < 0.16 for all 3;
p<0.03and n =61.

Bloom threshold

Different thresholds and algorithms have been
used to characterize blooms of coccolithophores and
PIC (e.g. Gordon & Balch 1999, Smyth et al. 2004,
Moore et al. 2012). The PIC and cell concentrations
are often uncoupled because PIC can be present in
the form of detached coccoliths long after Emiliania
huxleyi has disappeared from the water column. To
allow for comparisons with past studies, we analyzed
the relationship between PIC and E. huxleyi cells for
this region in order to estimate the threshold value of
PIC which corresponded to 1 x 10° cells m™. The E.
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Table 1. Linear correlation strength (r?), significance (p) and number of observations (n) between annual indices and environ-

mental variables in the Barents Sea. Sea surface temperature (SST) anomaly from the Kaplan V2 model (Kaplan SSTA) per-

tains to the region of interest (ROI) of this paper and is extracted from the same model as the Atlantic multidecadal oscillation

(AMO). SST and particulate inorganic carbon (PIC) is based on ocean colour data for the same ROI, but PIC production

includes previously published data. SPGi is an index inversely related to the strength of the North Atlantic subpolar gyre, and

subscript {—x denotes a lead time of x years. Kola TA and SA stands for temperature and salinity anomalies from the Kola
transect. ns: not significant

PIC Kola Remote Kaplan AMO,_; Kola
production TA SST SSTA SA
(1979-2011)  (1951-2011)  (1998-2011) (1951-2011) (1951-2011) (1951-2011)
SPGi, 5 (1993-2011)
r? ns 0.87 0.48 0.5 0.51 ns
p 16 <0.001 0.006 0.002 <0.001 16
n 16 14 16 19
AMO_,(1951-2011)
r? 0.41 0.26 0.39 0.1 0.52 0.09
P <0.001 <0.001 0.018 0.014 <0.001 0.021
n 33 61 14 61 61 61
AMO,_;5(1951-2011)
r? 0.49 0.23 ns 0.11 0.1
P <0.001 0.001 14 0.008 0.014
n 33 14 61 61
PIC production
r? 0.31 ns 0.46 0.49 0.15
P 0.001 14 <0.001 <0.001 0.027
n 33 33 33 33
Kola TA (1951-2011)
r? 0.51 0.57 0.23 ns
P 0.004 <0.001 <0.001 61
n 14 61 61
RemoteSST
2 0.64 ns 0.42
P <0.001 14 0.012
n 14 14
1.0 - huxleyi cell counts and satellite PIC correlated poorly
O 08 4 (r? = 0.17), but with a significant positive trend that
< ¢ yielded a bloom PIC threshold value of roughly
= 0.6 1 ’ 4 mmol C m™ corresponding to 1 x 10° cells m™
g 0.4 7 ”‘ (Fig. 3). Although less conservative than some other
S 02 . ’ * coccolithophorid bloom classification schemes (Gor-
® o0, . : . D — don & Balch 1999, Moore et al. 2012), this threshold
% —0.2 ¢ _ captured the surface extent of conspicuous PIC levels
g ' in the region (Fig. 4) and yielded bloom extents com-
I 0.4 0 ] parable to Smyth et al. (2004). The threshold value
2 -06 ',»0 . was also more than an order of magnitude higher
-0.8 . than the background PIC values from the olig-
-0.50 -0.25 0.00 0.25 0.50

Index value (SPGi;_s)

Fig. 2. Annual Barents Sea temperature anomalies, as a

function of the strength of the subpolar gyre with a 3 yr lead

(SPGi;_3). The temperatures are measured in the Kola meri-

dian transect and the SPGi is based on remotely sensed sea

surface height where high values indicate a relatively warm

and weak gyre. The dashed line is the linear best fit, with
2 =0.87

otrophic waters of the Sargasso Sea, which varied
between 0.16 and 0.20 C mmol m~ (n = 4).
Bloom development

The ‘composite’ method of filling gaps due to cloud
cover by retaining pixels from previous scenes yiel-
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Fig. 3. Cell counts of Emiliania huxleyi from the Barents Sea

in 2005 and 2007, plotted on log scales against correspond-

ing remotely sensed particulate inorganic carbon (PIC).

Dashed black line is the linear correlation (slope = 276 x

10° PIC, 12 = 0.17, p = 0.006) forced through origin, and the

dropline marks the bloom threshold PIC value that corres-
ponded to 1 x 10° cells m™

ded realistic and coherent bloom images (Fig. 4); a
comparison of weekly estimates calculated with and
without this method is shown in Fig. 5. PIC blooms
that started developing in the first or second week
following 26 June reached their peak PIC standing
stocks 4-5 wk later, expanding rapidly (Fig. 6). Sev-
eral years displayed comparatively delayed bloom
expansion (1998-2000, 2006 and 2009-2010), with
peak concentrations occurring in Weeks 7-10. These
‘late bloomers' peaked the lowest of the recorded
years in question (Fig. 6). At the peak weeks for all
years, the ROI contained between 0.2 and 0.8 Tg
(1 Tg = 10'2 g) PIC, and blooms were estimated at
70 000-322 000 km?,

For all weeks (Weeks 1-10) in the data set the aver-
age (£SD) cloud cover was 0.47 + 21 %, mostly domi-
nating over the northern, less PIC-influenced part of
the ROI. By Week 10, clouds and low solar angle
severely hampered satellite data retrieval with an
average cloud cover of 62 + 22 %, but Week 9 still dis-
played bloom areas up to 200 000 km? (Fig. 6).

Blooms always started to develop within the ROI,
and no patches of blooms were observed to drift
into the Barents Sea from the Norwegian Sea. The
area of initiation varied from 20 to 37°E and from
the coast of Finnmark in the south to 75°N. The
blooms never occurred north of the polar front,
which approximately follows the 5°C surface
temperature isoterm, consistent with Burenkov et
al. (2011).

PIC production

From 1998 through 2011, the gross annual calcite
production of the PIC blooms varied from 0.48 to
1.59 Tg C yr! within the ROI. Production was rela-
tively low from 1998-2001 with a sudden increase to
the highest production in 2001, after which a nega-
tive trend was observed before another increase
occurred in 2011 (Table 2). Annual production from
our records alone (1998-2011) yielded no significant
correlations with the temperature data or climate
indices investigated here, so we focus on results from
the historic PIC records.

PIC production correlated significantly with the
maximal bloom area attained each year (r> = 0.81,
p < 0.001). The annual PIC production in the Barents
Sea deviated substantially from the dynamics of pub-
lished coccolithophorid bloom areas in the Northern
Hemisphere, which displayed a marked peak in
1998, followed by significantly lower and less variable
bloom areas (Moore et al. 2012). A study using Sea-
WiFS data on backscattered light (b)) as a proxy for
PIC concentrations in the Barents Sea obtained dy-
namics comparable to ours, as their annual mean b,
and our PIC production values correlated well (r? =
0.86, p < 0.001) for 1998-2007 (Burenkov et al. 2011).

SST vs. PIC

PIC as a function of SST displayed several general
properties for all August months concerned (2002-
2011; Fig. 7A): The major part of the data was concen-
trated around the intercept PIC = 0.3 mmol C m™ and
SST = 4°C, and at the lower end of the PIC range (be-
low PIC = 1 mmol C m3), PIC increased slightly with
SST. There was a minimum in observations of bloom
pixels, i.e. above the threshold of 4 mmol C m=,
around 4°C. From 5°C, bloom pixel observations in-
creased sharply with SST toward the peak in PIC val-
ues centred around 8°C. As SST increased from 8 to
12°C, maximal PIC values declined. In addition, each
year displayed some distinctive patterns of PIC as a
function of SST, and the years 2006, 2007 and 2011
had prominent peaks of PIC values at different SSTs
(Fig. 7B). These years had the highest noted PIC val-
ues, but this was not necessarily reflected in highest
gross PIC production (Table 2).

Fig. 8 shows satellite imagery from August of a re-
latively warm year with high PIC production (2007)
and a cold one with low production (2010). The SST
images (Fig. 8A,B) show that the 5°C isotherm approxi-
mately followed the polar front and that this shifted
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Fig. 4. Weekly time-series of the Emiliania huxleyi-driven particulate inorganic carbon (PIC) bloom in 2011. Solid black line

at 0.004 mol C m~2 (see key) represents the threshold PIC corresponding to 1 x 10° cells m~3. Row 'original’ is compared to the

‘composite’ technique below it, where a given pixel value is retained from the previous week when the new value is invalid

due to cloud cover or insufficient available light (white). Cc: fraction of total cloud cover for each scene. Starting day of the
year is noted under each scene; Week 1 starts on Day 177 (26 Jun) and Week 11 ends on Day 264 (21 Sep)
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Fig. 7. Semi-log plot of remotely sensed sea surface temperature (SST) vs. particulate inorganic carbon (PIC) pixel values in
the region of interest (ROI) of the Barents Sea for averaged August months in the years 1998-2011. (A) Colour-density plot
where red = higher density of observations (n). The data indicate a positive trend and a marked increase in high PIC values
above 4.5°C SST. High PIC values observed below 4°C, that is, the left part of the ‘saddle’ shape, are presumed non-coccoliths
(see 'Discussion’). (B) Same data as (A), above the PIC bloom threshold (4 mmol C m~). Here, pixels from each year are
coloured differently, and the most prominent years are given in the figure. Note the peak in PIC around 8°C SST

considerably from one year to the other, consistent
with Ellingsen et al. (2008) and Skagseth et al. (2011).
August 2007 displayed a deeply eastwards penetration
of warm, Atlantic waters visible as an area with >10°C
near Novaya Zemlya in the east; the bulk of the PIC
bloom also shifted eastwards compared to the cold
year. In 2007, the bloom stretched across a wide range
of isotherms from 5 to 10°C, while in 2010 the bloom
followed the isotherms more closely from 5 to 8°C.

For both example years, it would seem that the
‘tail’ of high PIC values around SST = 2°C (Fig. 8E,F)
stemmed from bloom pixels surrounding the island
Edgegya in the northwest of the ROI. This envelope
of PIC could easily have originated from terrestrial
run-off or resuspended material in the shallow
waters around the island and was therefore not con-
sidered further in this paper. Other possible sources
of high reflectance such as resuspended diatom frus-
trules (Merico et al. 2003) have not been observed in
the Barents Sea, and resuspension of sediments was
unlikely since deep mixing in the region is uncom-
mon in the summer (Sakshaug et al. 2009).

Extended PIC record

Interestingly, positive linear correlation was obser-
ved between the extended PIC production time-
series (1979-2011) and the instantaneous SPGi (r? =
0.40, p=0.004, n = 19), but not with SPGi,_5 (Table 1).
However, the extended PIC record was found to
correlate positively with the annual average of the

Kola TA AMO;,_; and the ROI-based Kaplan SSTA
(Table 1). In addition, the PIC record correlated with
the stratification index for the southwest Barents Sea
(r> = 0.31, p = 0.001, n = 31), taken from Johannesen
et al. (2012). There were otherwise no significant cor-
relations between PIC production and the mean
annual or seasonal remotely sensed SST.

Neither instantaneous nor leading NAO values
from any period of time (annual or seasonal) yielded
significant correlation with the extended PIC record.
Significant negative correlation was observed be-
tween the extended PIC record and a 2 yr leading El
Nino southern oscillation (ENSO,_,), and with pacific
decadal oscillation (PDO) indices leading at 0-2 yr.
However, these correlations were weak (1> < 0.24)
and will not be considered further here.

A pattern emerged when viewing key variables as
a time-series, where the Emiliania huxleyi-driven
PIC blooms were preceded by positive AMO index
values by 1 yr (Fig. 9). Moreover, the increase and
concurrent disappearance of PIC blooms from 1988
to 1994 followed the pattern of the AMO, as well as
the reappearance and continuous record of blooms
following the positive AMO phase from 1997 to 2011.

DISCUSSION
Barents Sea TS variability

During the period between 1993 and 2011, the
SPGi,_3 was found to be among the strongest pub-
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Fig. 8. Comparison of remotely sensed particulate inorganic carbon (PIC) and sea surface temperature (SST) averaged over

August in a relatively warm year (2007: A, C & E) and cold year (2010: B, D & F) in the Barents Sea. (A) and (B) show SST with

isotherms at 5, 8 and 10°C. Note that averaged temperatures did not exceed 10°C in the cold year and that the low Atlantic

water intrusion caused a southward shift of the polar front, presumed to correspond to the 5°C isotherm. (C) and (D) show PIC
values, while (E) and (F) show SST vs. PIC data in the same manner as Fig. 7A

lished predictors of Barents Sea temperatures (Otter- on the ecosystem. The temporal consistency of this
sen et al. 2000, Ottersen & Stenseth 2001, Sandg et al. correlation beyond the 2 investigated decades re-
2010) and could possibly be used as a simple and re- mains to be proven, and the influence of dynamics
latively accurate forecast for Kola transect tempera- such as the NAO on Barents Sea heat content have

tures 3 yr in advance, together with potential effects been shown to change over time (e.g. Sandg et al.
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Fig. 9. Time-series of particulate inorganic carbon (PIC) production and key indices in the Barents Sea from 1951 to 2011, on

relative scales. PIC production is shown in blue and is based on present and previously published remote sensing data from

1979 to 2011. The black line is the Kola temperature anomaly (TA), and the green-filled area is Atlantic multidecadal oscilla-

tion (AMO). The dashed line is the subpolar gyre index (SPGi), and the dotted, grey line is the SPGi with a 3 yr lag. Note

the similarity in shape of the latter and the Kola TA, as well as the AMO and the PIC production. Given the 3 yr lag, the high
SPGi values of 2010 and 2011 may translate into record high temperatures in the Barents Sea in 2013

2010). In light of this, the results from time-series cor-
relations of different lengths must be interpreted
with caution.

The 3 yr lag between the SPGi and major trends in
Kola TA suggests a link through advection; tracing
back the major currents entering the Barents Sea
would place the origin around the Faroe-Shetland
channel (Belkin 2004, Holliday et al. 2008). There
was a significant correlation between the AMO and
the SPGi, suggesting that the positive AMO phases
are currently heating and weakening the SPG. This
is consistent with our main hypothesis that the SPG is
related to the flow of warmer waters into the NwAC.
Note that the correlation between the SPGi and the
Kola TA was much stronger than with the AMO
(Table 1). However, the Kola SA displayed no such
connection, even though correlations have been
found in other studies (Holliday et al. 2008, Skagseth
et al. 2008). Alternatively, the TAs 3 yr upstream of
the Kola TA could be due to air-sea heat-fluxes regu-
lated by forces simultaneously and independently
setting up the strength of the SPG. If these forces
were linked to the NAO/AO, affecting the gyre
region and the Barents Sea at the same time, this may
explain that the SPGi correlations had a 3 yr lead on
Kola TA but none on PIC production. Even though
the NAO and AO indices did not display any atmos-
pheric pattern connection between the gyre region
and the Barents Sea in our data set, using a single
number as an indicator for the atmospheric patterns
over half a hemisphere cannot capture all aspects of

the system (e.g. Sandg et al. 2010). More problematic
to this alternative explanation is the added lag time
before the effect of modelled NAO and wind stress is
observed in the SPG strength, around 1 and 6 yr, re-
spectively (Langehaug et al. 2012). All in all, direct
regulation of major trends in Barents Sea tempera-
ture is suggested to occur due to the dynamics of the
SPG. A number of other factors in the coupled atmo-
sphere—ocean system may also affect Barents Sea
temperature, so our results still require confirmation
through modelling and continued time-series obser-
vations in the future.

A phase change in SA at the BSO around 2002
coincided with a lasting weakening of the SPG
(Hatan et al. 2005, Holliday et al. 2008). This indi-
cates that even though salinities from the Kola tran-
sect were not directly correlated with the SPGi,_3, the
Barents Sea salinity is still affected by the gyre
dynamics on a large scale. In 2010, the gyre again
weakened substantially (Fig. 9), and the effect of this
weakening may manifest itself in 2013-2014 as the
highest temperatures recorded in the Kola transect
since 1900 (Figs. 1 & 9).

AMO represents the heat anomaly of the North
Atlantic SST, thus including the area covered by the
SPG. Increased heat content increases the sea height
and this is the reflected in the correlation between
the AMO and the SPGi. Our results corroborate pre-
vious studies demonstrating the influence of the
AMO on the Barents Sea (e.g. Skagseth et al. 2008).
Correlation between the AMO and Kola SA was very



Hovland et al.: PIC production in the Barents Sea 29

weak (Table 2), as would be expected since the AMO
represents over-arching temperature oscillations in
the entire North Atlantic that are not directly linked
to Atlantic water flow.

Some models indicate that the Barents Sea will
experience continued warming over the next 60—
80 yr (Ellingsen et al. 2008, Philippart et al. 2011). On
the other hand, the apparent amplitude of ~70 yr
cycles in the AMO and Kola transect (Fig. 1B) predict
a decrease in ocean temperatures of roughly 0.5°C
over the next ~35 yr, corroborated by Boitsov et al.
(2012). This may potentially negate global warming
for a while, until the oscillation swings again and cre-
ates a double warming effect.

TS variability and PIC production

A positive phase of the AMO index preceded
known bloom occurrences in the Barents Sea by
1-2 yr (Brown & Yoder 1994, Smyth et al. 2004; our
Fig. 9). It is particularly important that this index
may explain the observed disappearance of Emilia-
nia huxleyi-driven PIC blooms in the vyears
1994-1997 and the reappearance in 1998. Note that
bloom observations in years prior to 1987 are not yet
proven as true negatives. All in all, these are strong
indications that PIC blooms have not been promi-
nent in the Barents Sea since the last positive AMO
phase 7 decades ago. Sediment record studies, such
as Iglesias-Rodriguez et al. (2008), could probably
shed some light on this.

Smyth et al. (2004) indicated that bloom occurrence
might be associated with anomalies of negative sali-
nity coupled with positive temperature in the Barents
Sea. However, positive anomalies of both salinity and
temperature have been observed at the BSO since
around 2002 (Skagseth et al. 2008), and of the 2 vari-
ables, temperature is known to dominate stratifi-
cation in the region (K. Drinkwater pers. comm.). A
shallow mixed layer depth of <30 m is robustly corre-
lated with Emiliania huxleyi blooms (Nanninga &
Tyrrell 1996, Tyrrell & Merico 2004), which points
towards a relationship between the positive TA and
blooms of PIC in the Barents Sea. Additionally, bloom
occurrence coincided strongly with years of positive
TA (Fig. 9). The results from the extended PIC time-
series indicate that ocean temperatures may explain
30-50% of the variation in the PIC production in the
Barents Sea, with the Kaplan SSTA being the most
successful. The different methods for measuring tem-
perature utilized in this study are very different by
nature, however. The Kola TA is from a relatively

deep upper layer compared to the others, whereas
the remotely sensed SST is very shallow, and the
Kaplan data are based on modelling. The lack of cor-
relation between PIC production and remote SST
could be due to the shortness of this time-series.

Note that temperature alone does not completely
explain the Emiliania huxleyi bloom occurrence or
PIC production in the Barents Sea. PIC values as a
function of SST from remote sensing showed compli-
cated patterns, where the origin (Atlantic or coastal
water) and hydrographical properties of the water
masses may be important. In particular, the strength
of thermal stratification is governed by gradients in
the water column rather than absolute values, and
this may play a critical role. As demonstrated above,
there was as expected a significant correlation
between stratification in the SW Barents Sea and PIC
production.

A more indirect and supplementary explanation to
the PIC-temperature connection is the positive cor-
relation between zooplankton biomass and BSO
Atlantic water influx: With an increase in copepod
abundance, increased grazing on larger phytoplank-
ton such as diatoms may favour calcite-forming
coccolithophorids and small flagellates (Rey 2004,
Ellingsen et al. 2008, Dalpadado et al. 2012). This,
along with other ecological control mechanisms, is
likely important in explaining the variability in PIC
production that temperature cannot account for.

PIC bloom properties

Using the ‘composite’ technique of retaining pixel
values produced credible results. Under supervision,
even with its inherent limitations, the technique was
a good approach to estimate bloom areas and PIC
production. Recent studies have estimated global cal-
cification at 1.6 Pg PIC yr! (1 Pg = 10% g) through re-
mote sensing of ocean colour (Balch et al. 2007) and
1.1 Pg PIC yr! through carbonate chemistry (Feely et
al. 2004). From Fig. 6 in Balch et al. (2007), an average
value of PIC production of roughly 5 mg PIC m= d*
seemed realistic from June through September
(122 d) in our ROI. Again assuming an average depth
of production at 15 m, the calcite production in their
study would then total 3.9 Tg PIC in the ROI for 2002,
which was comparable to our result of 3.6 Tg PIC the
same year (Table 2). Annual PIC production in our
study area stood for only 0.1-0.3 % of the global esti-
mate of Balch et al. (2007). Still, this implies that in
1998-2011, the PIC production in the southern Bar-
ents Sea varied between 0.6 and 2.5 times that of the



30 Mar Ecol Prog Ser 484: 17-32, 2013

global average per km? Compared to estimates of
annual primary production in the entire Barents Sea
of 82 Tg C yr! (Le Fouest et al. 2011) to 136 Tg C yr!
(Sakshaug 2004), PIC production in this study corre-
sponded to 0.01-0.06%. Even if these numbers are
comparatively small, biological precipitation of PIC
through calcification and the subsequent fate of PIC
affects the regional carbonate chemistry and seques-
tration budget (Rost & Riebesell 2004) and has an ad-
verse effects on the potential primary production
within the PIC blooms (Hovland et al. 2013).

No bloom patches were seen to drift into the Bar-
ents Sea but started forming within different parts of
the southern region from year to year, for which there
might be 3 possible explanations: (1) There is a local
seeding stock specific to the region, or that seeding
populations drift into the Barents Sea via either (2)
Atlantic water from the NwAC or (3) coastal currents.
Combinations of these might be possible, and the
matter could be elucidated with genetic sampling
and comparison of local Emiliania huxleyi stocks
with pelagic North Atlantic and Norwegian coastal
water stocks.

CONCLUSIONS AND OUTLOOK

We conclude that current trends in Barents Sea
ocean temperatures, as measured in the Kola tran-
sect, are related to the strength of the SPG. The sea
surface height-based gyre index (SPGi;_3) provides
good prediction for major trends in Barents Sea tem-
peratures 3 yr in advance. Accordingly, significantly
elevated temperatures are expected for 2013-2014.
The apparently contradicting results between some
published temperature models and the AMO/Kola
transect cycle in the Barents Sea show the impor-
tance of long-term data series where such cycles are
discernible. Studies focused on the presently demon-
strated SPG-Barents Sea connection are needed in
order to elucidate if it will remain consistent in the
future.

Temperatures from the Kola transect and the ROI-
based Kaplan SSTA and the AMO have been shown
to have a significant effect on the PIC production in
the Barents Sea. Moreover, as our extended PIC
record follows the apparent AMO cycle pattern, we
predict a discontinuation of the Emiliania huxleyi-
driven PIC blooms in the Barents Sea within a 30 yr
period. Ocean acidification is expected to negatively
affect coccolithophorids, complicating the prediction
of E. huxleyi performance in the future (Riebesell et
al. 2009, Beaufort et al. 2011). This is an important

task to solve, as blooms of E. huxleyi have profound
effects on the carbon budget (e.g. Balch et al. 2005,
Hutchins 2011) and on Arctic ecosystems in general,
as found in studies from the Bering Sea (Vance et al.
1998, Sukhanova et al. 2004). The long-term effects
of ocean acidification are only discernible from satel-
lite time-series on the scale of several decades (Hen-
son et al. 2010), underlining the need for continued
development of satellite remote sensing programs.

With the control of PIC production in the Barents
Sea in mind, further investigations on temperature,
water mixing and stratification, current fluxes, wind
patterns, light regimes and ecological control (e.g.
grazing and nutrient consumption) are needed to
constrain the effect of ocean acidification. For in-
stance, if the Barents Sea PIC blooms were to dis-
appear as this study predicts, ocean acidification
could easily (and perhaps erroneously) be named the
culprit without rigorous understanding of other influ-
ential factors such as ocean temperature.
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