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Abstract. The Arctic Ocean and its marginal seas are amongattenuation of photosynthetically usable radiation (PUR), ac-
the marine regions most affected by climate change. Hereounted for a larger proportion of the rise in PP than did the
we present the results of a diagnostic model used to assedscrease in light availability due to sea-ice loss in several sec-
the primary production (PP) trends over the 1998-2010 petors, and particularly in perennially and seasonally open wa-
riod at pan-Arctic, regional and local (i.e. 9.28 km resolu- ters. Against a general backdrop of rising productivity over
tion) scales. Photosynthetically active radiation (PAR) aboveArctic shelves, significant negative PP trends and the timing
and below the sea surface was estimated using preconof phytoplankton spring-summer bloom were observed in re-
puted look-up tables of spectral irradiance, taking as inputgions known for their great biological importance such as the
satellite-derived cloud optical thickness and cloud fractioncoastal polynyas of northern Greenland.

parameters from the International Satellite Cloud Climatol-
ogy Project (ISCCP) and sea ice concentration from passive
microwaves data. A spectrally resolved PP model, designed
for optically complex waters, was then used to assess the pp

trends at high spatial resolution. Results show that PP is ris;l_h , ¢ . | ch Arcti d Sub
ing at a rate of+2.8 TgCyr? (or +14 % decadel) in the e impacts of environmental changes on Arctic and Sub-

circum-Arctic and+5.1 TgC yr-* when sub-Arctic seas are Arctic marine ecosystems are already detectable from field-

considered. In contrast, incident PAR above the sea SurfanGrebmeier et al.200@ Li et al, 2009 and satellite-based

(PAR(0+)) has significantly decreased over the whole Arc- moeoasuKrerr]nentsAtlrigg 1andv\\/ﬁ? Dr:jken 201”1'_Arrigo et al, .

tic and sub-Arctic Seas, except over the perennially sea—icg g Kahru gt_a, D. lle the overall Increase In pri-
covered waters of the Central Arctic Ocean. This fading of mary productivity (PP) has bee_n attrlbu_ted_tp a longer grow-
PAR(0+) (—8 % decade?) was caused by increasing cloudi- ing season, due to enha'r]ced light avalllablllty for photosyn-
ness during summer. Meanwhile, PAR penetrating the oceaF‘PeSIS Arr_lgo ar_1d van Dijken 2_01]‘ Arngq et al, 2008,
(PAR(0-)) increased only along the sea ice margin 0verchanges in environmental forcing of nu_tner!t supply t(_) the
the large Arctic continental shelf where sea ice concentra—surface have been proposed as the main driver of PP in sea-

tion declined sharply since 1998. Overall, PAR{jaslighty ~ Sonally ice-free watersitemblay and Gagno2009.
increased in the circum-Arctic+3.4 % decadel), while At high northern latitudes, photosynthetically active ra-

it decreased when considering both Arctic and sub-Arcticdi""ﬁ,On (PAR) is known to t,’e an important Iimitatiqn for
Seas {3 % decade?). We showed that rising phytoplank- Marine photosynthesis. Environmental factors affecting the

ton biomass (i.e. chlorophyl) normalized by the diffuse amo_unt of PAR njclude cloud cover a_nd the presence of
sea ice and associated snow cover, which strongly attenuate

Introduction

Published by Copernicus Publications on behalf of the European Geosciences Union.



4088 S. Belanger et al.: Arctic PP trends

shortwave radiation. While the ice and snow cover have detect such changes in optically complex waters from space, PP
creased significantly in recent decadésifiso et al.2008), models need to considergindependently from CHL (e.g.
cloud cover has increaselgstman and WarreB01Q Wang  Smyth et al. 20095.
and Key 2009. In fact, the shortwave radiation reaching the  The objectives of this study were (1) to assess the trends
sea surface during summer months dropped at a mean aim PAR reaching the sea surface vs. PAR penetrating the sea
nual rate of 0.66 Wm?yr—! between 1982 and 1999 due to surface after considering sea ice cover, and (2) to quantify the
increasing cloudiness\fang and Key2005. Climate mod-  relative contribution of changing PAR conditions due to sea
els predict both a reduction in sea ice and an increase in clougte, clouds and ocean optical properties, respectively, to the
cover for the 21st century as the Arctic warrvayrus et al. observed trends in PP. To achieve these objectives, we de-
2010. During the open water season clouds typically coverveloped a PAR model that assimilates satellite-based cloud
90 % of the sky, attenuating significantly the incoming short- properties and a fully spectral PP model for optically com-
wave radiation. Using satellite lidar measurements of cloudplex Arctic waters. The implementation of the model was ini-
propertiesPalm et al(2010 found negative correlations be- tiated as part of the Malina project in order to develop long-
tween cloud fraction and sea ice coverage, suggesting thaerm monitoring capabilities of the Arctic's marine ecosys-
increasing temperature and moisture fluxes during ice-fre¢ems productivity. We show that, over the 1998—-2010 period
period favors cloud formation. They also found greater low of ocean color observation, PAR penetrating the ocean in-
cloud frequency and cloud optical thickness above ice-freecreased only slightly (but not significantly) in Arctic waters
water areasHalm et al. 2010. Although previous studies as a result of opposing trends in cloud and sea-ice cover. Nev-
suggested that the Arctic region will become more produc-ertheless, a general positive PP trend was found and locally
tive overall due to a decline in the duration and extent of seaexplained by concurrent changes in PAR, CHL ang &nd
ice (Arrigo and van Dijken2011; Arrigo et al, 2008, the net  the contribution of each factor varied strongly spatially.
effect of the opposing trends in the evolution of sea ice and
cloud cover on PAR, and consequently on the marine primary
productivity, has never been assessed. 2  Methods

The environmental forces that control vertical mixing in
the upper ocean (e.g. wind, freshwater input) and, con2.1 PAR model
sequently the supply of nutrients to the sea surface, may
counteract (increase stratification)i ¢t al., 2009 or am- Space agencies distribute daily PAR as part as their ocean
plify (increased frequency of upwelling events that brings color databases, but areas partly covered by sea ice (a few
nutrient-rich waters to the surfacejgrmack and Chapman percent of the area) are systematically discarded. Here we
2003 Tremblay et al. 2011) the positive influence of in- developed a method to assess incoming irradiance under all
creasing PAR. From the perspective of space-borne obsesurface conditions in order to estimate PP in the vicinity of
vation, a change in ocean stratification affecting nutrientsea ice when ocean color data are available (see next sec-
supply should be detectable from the ensuing change irion). Incident spectral downwelling irradiance at the sea sur-
chlorophylla concentration (CHL), a proxy for phytoplank- face, g (O+, A, #), was computed at 5nm resolution every
ton biomass routinely derived from remote sensing of ocearB8 h using a pre-computed look-up-table (LUT) generated us-
color Behrenfeld et a].2006. ing Santa Barbara DISORT Atmospheric Radiative Transfer

Photosynthesis decreases when absorbing materials fromodel (SBDARTRIcchiazi et al.1998. The radiative trans-
terrestrial origin increase the blue light attenuatiBtat and  fer model inputs were: solar zenith angl®)( total ozone
Sathyendranath1993 Smyth et al, 2005. Shortly after the  concentration (@), cloud fraction (CF) over the pixel and
spring freshet, the Arctic shelves receive massive amounts ofloud optical thicknessz§)). The last three parameters were
terrigenous colored dissolved organic matter (C-DOM) andderived from satellite data (mainly AVHRSchweiger et al.
suspended particulate material (SPM). The spread of terrige1999 following the method developed &hang et al(2004
nous DOM over Arctic shelves in summer time can even beand were obtained from the International Satellite Cloud Cli-
traced using spaceborne ocean color sendach¢t et al, matology Project (ISCCP) web site. The ISCCP global ra-
2013. Recent studies have reported increasing coastal eradiative flux data (FD) are distributed on a 280 km equal-area
sion along several arctic coastlinregchold et al.2000 and  grid at 3 h intervals for dates between January 1984 and De-
river runoff at northern latitude$gterson et 312006. Mod- cember 2009. E£(0+, A, ¢) is calculated for each SeaWiFS
els also predicted an important release of DOM into the Arc-9 km pixel at a time interval of 3h. The ISCCP products
tic Ocean {700 %) from the carbon-rich Siberian peatlands for each SeaWiFS pixel are obtained by bi-linear interpola-
(Frey and Smith2005. Diffuse attenuation coefficient of tion. When CF is not nil, E(0+, A, ¢) is calculated for clear
downward irradiance (K can, therefore, change due to vari- and cloudy (for the giveny) sky conditions, respectively,
ations in allochtonous material input. In contrast, removaland a weighed average is performed. Incident spectral down-
processes of optically active constituents (e.g. CDOM photo+welling irradiance just below the sea surfacg,(B—, 1, 1),
bleaching) can increase light penetration and favor PP. To dewas calculated in the same way, but with a LUT for which
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the air-to-sea interface reflection for both direct and diffuseusing the QAA-derived I0Ps as input.qf) was used to
components of the downwelling irradiangg-fesne) Was ac-  propagate g (z, A, t) throughout the water column (Eq. 2).
counted for. This correction assume®esnel0f 6.6 % for This was achieved at twelve optical depths from the sea
the diffuse component of £(Morel , 1991) and the Fres- surface to a level of 0.1% of the incident light. PUR()
nel’s law in whichprresnelis a function ofds. Here, PAR(G-) was calculated at each time step (3h) and depth following
refers to the integral of &£(0+, 1) from 400 to 700nm (in ~ Morel (1978:

mol photonnt2h~1), while PAR(0-) is the integrated irra-

diance just below the sea surfacg (B—, 1)) after consider-

ing the daily sea-ice concentration (SIC; in %) (i.e. multiply PUR(z, 1) =
a factor of-(1 — SIC)). Daily satellite-derived SIC data from =400
the Defense Meteorological Satellite Program (DMSP) Scan-

ning Multichannel Microwave Radiometer (SMMR), F8 and Whereapn(2) is the spectral phytoplankton absorption co-
F13 Special Sensor Microwave Imager (SSMI) (1984—2007)efficient (in nmr1), and P is the spectral scalar irradiance.
(Cavalieri et al. 1996 and F17 Special Sensor Microwave The latter was calculated by dividing;By the mean cosine
Imager/Sounder (SSMIS) (2008-2010) sensdvmglanik  Of downwelling irradianceNlorel , 1991), approximated by
and Stroeve1999 were obtained from the National Snow the expression®22 (Sathyendranath et all989). aph(%)

700nm

_ (2)
E20., 2, 1) - e a0z g, (2
(h,z,1)-e aon(343 @

and Ice Data Center (NSIDC). was calculated using an empirical statistical relationship es-
tablished betweenph(r) and CHL derived from measure-
2.2 Primary production model ments made in the Western Arctic Ocean\dgtsuoka et al.

(2011). Ex decreased with depth due to photoacclimation,
Daily PP rates were calculated using a commonand varied as a function of mean daily PUR at each depth

photosynthesis-irradiance model (i.e. P vs. | curve)following Arrigo et al. (1998’s model developed for high
proposed bylatt et al. (1980: latitudes. Finally, B was assumed to be constant at 2.0 mgC
(mgCHL~1h~1, an averaged value based on field measure-
240 100% s ments in Arctic watersHarrison and PlattL986 Huot et al,
PP= CHL.P};/ / 1—e & dzdr (1)  2013.
120220.1% The vertical attenuation of photosynthetically us-

able radiation, kyr, was calculated to express the

where chlorophyll concentration (CHL; in mgm?), photo- ~ Variations in K1) using a single quantity mean-
synthetically usable radiation (PUR, in mol photons—1),  ingful with regards to primary production assessment
light-saturated CHL-normalized carbon fixation rate (P (Platt and Sathyendranatti993. PUR() was calculated
in mgC(mgCHL~1h~1), and saturation irradiance using Eq. (2), with given &) for a clear sky with a sun
(Ek’ mol photon nT2 S_l) are needed for the calculation of zenith angle of 69, aIIowing the estimation of the 1% ||ght
PP at each depth. Ocean color data, binned at a 9.28 kf¢vel for PUR €14 puR. Given that:

resolution on a equal-area grid, were used for CHL and to
calculate PUR at each depth in the water column. Briefly,PUR(Z) =
monthly CHL data retrieved using a semi-analytical algo-
rithm (GSMO01) Maritorenna et a).2002 were obtained
from the Ocean Color MEaSURES project (v6) at UCSB —4.6
http://wiki.icess.ucsb.edu/measures/Produc&SM01 was Kpur=
found to perform better than standard empirical algorithms

(e.g. NASA's OC4v6) in Arctic waters dominated by CDOM PP calculations were made at 3 h time interval, which cor-
absorption Ben Mustapha et gl.2012. Next, SeaWiFS responds to the ISCCP time resolution. Sea ice concentra-
Level 3 monthly water-leaving reflectanci) at 412, 443, tion was updated daily while IOPs and CHL were updated
490, 510, 555 and 670nm were obtained from the NASAmonthly. This procedure allowed calculations of PP under
GSFC (reprocessing 2010.0). Spectral IOPs, namely the totddoth cloudy and clear sky conditions, as long as IOPs and
absorption &) and backscatteringbf) coefficients, were  CHL were available. Here, gaps in the monthly fields of IOPs
estimated fromRs(1) using a quasi-analytical algorithm and CHL, which frequently occurred due to persistent cloud
(QAA) (Lee et al,2002. The accuracy of the QAA in Arctic  or sea-ice cover, were filled with monthly climatology of
waters remains to be assessed, but a preliminary validatiofOPs and CHL. Thus, when OC data were available, the PP
indicated an excellent performance of this algorithm for thewas computed at 3 h interval for each day of the month. The
retrievals of the totah and by (absolute relative difference daily PP rate of the pixel was adjusted as a function of the
< 18 %) Bélanger 200§. The in-water spectral diffuse at- daily fraction of open water (% SIC). PP was assumed nil
tenuation coefficient (1) averaged over the euphotic zone where no IOPs and CHL data were available (i.e. pixels never
was estimated following the approach loée et al. (2009 documented by SeaWiFS). In other words, PP within open

PUR(0—)e~KPURZ, ©)

KpurWwas calculated as,

4

Z1%PUR
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waters that occurred in the central Arctic was not considerocean (Fig. 2a)Rerovich et al.2007). There was a strik-
because ocean color data were unavailable. This method aing contrast in PAR(8) trends between permanently ice-
lowed us to consider the exact same surface area from yedree waters and ice infested seas. As expected, PAR(O
to year for the whole time series, and thereby minimizing has increased significantly since 1998 at rates reaching up to
the possible bias introduced by (1) the increasing number of-150 mol photonm2yr—1) at the margin of the Central ice
ocean pixels documented by SeaWiFS through time as operpack (Fig. 2b) resulting in a relative increase of 0.34 %tyr
water area increases and (2) the extrapolation of PP rates iim PAR for the circum-Arctic waters. Interestingly, the in-
the area never observed from space-borne ocean color senrease in the high Arctic{ 70° N) was largely counterbal-

sors. anced by a general decrease in PAR)Between 55 to 65N
. (Fig. 2b). Integrating total PAR{) over Arctic and sub-
2.3 Trends analysis Arctic Seas (including Okhotsk Sea, Bering Sea, Labrador

} ~_Sea and the Hudson Bay and Strait; see Fig. S1) resulted in
The trends in yearly PAR and PP over the 13yr SeaWiFSsjightly negative trend 0£0.30 % yr! (not significant). Re-
time series were calculated for each pixel using a nonlineagiona|ly integrated daily fluxes of PAREQ for each summer
trends estimator as describeddhang et al(2000. Thisis  month showed both positive and negative trends (Table 2).
a non-parametric method that removes autocorrelation angthe |argest positive trends in PAR() was observed in the
outliers from the time series before calculating the trend usgeaufort Sea in June and July with values reaching as much
ing the Theil-Sen approach (TSA; Sen slope). Te.zhang 59 9.4%yr?! and 8.0%yrl, respectively, followed by the
function implemented ik was used. The Mann-Kendall kara Sea in May and June with 5.0 %Yrand 4.4 %yr?,
non-parametric test was then run on the resulting time seriegegpectively. Negative trends in PAR{were found in the
to test the significance of the trends. Atlantic sectors (Greenland Sea and Norwegian Sea) and Pa-

cific sectors (Bering Sea, Gulf of Alaska).

3 Results 3.3 Total circum-Arctic primary production
3.1 Above-surface photosynthetically available

radiation trends The PAR model was used to drive the primary production

model as detailed in Sect. 2.2. Total circum-Arctic estimate

Annual PAR reaching the sea surface (PAR|Dabove the ~ ©f primary production was more than two fold smaller (203
Arctic circle range from 3000 to 5500 mol photormAyr—? 15TgCyr ) than previous satell|te—ba§ed est|mates“(|.e. 441
(Fig. 1a). From 1998 to 2009, which corresponds approxi- 10 585 TCyr ) (Arrigo et al, 2008 Arrigo and van Dijken
mately to the SeaWiFS era, PAR{Dgenerally decreased at 2011). This result qleparture arises partly fr_om the choices of
a rate ranging from-100 to—50 mol photonm2yr—L over ~ Ocean color algorithms and phot(_)s_ynthetlc parameters used
seasonally and permanently open water (Big), while it N the quel. Our PP mod_el explicitly accounts for the fact
increased-¢ +50 to-+100 mol photonm2yr-1) in over the that Arctic waters are ogtmally compleM(atsqoka et al.
permanently ice-covered Central Arctic waters. The largest007 Siegel et al.2003 Bélanger et a).2008. Firstly, total
decrease in PAR() were found between 8% and 70 N light absorption and backscattering coefficients of seawater
(Hudson Bay, Gulf of Alaska, Bering Sea and Nordic Seas)_constituents were assessed from ocean color reflecta_nce mea-
Relative changes generally lay betwes? % yr-! (Fig. 1c). surements to estimate the spectral diffuse attenuaties (
Regionally integrated daily fluxes of PAR) for each sum- €t al. 2002 2003. In general, PP models developed for
mer month are presented in Table 1 (see Fig. S1 for regionaf/€ar case-1 waters employ empirical relationships between
limits, Supplement). Significant negative trends< 0.05) ~ CHL and Ky or IOPs. We performed a sensitivity analysis,
were observed in the Greenland, Barents, Kara, Laptev, Ead¥hich compared our approach with three methods for(K)
Siberian and Bering Seas at more than two months (Table 1)CHL vs. IOPs relationships frofWang et al (2005(W05);
Above circum Arctic watersx 66.58 N), annual PAR(@)  (2) CHL vs. IOPs relationships fromatsuoka et al(201])

has decreased by 10% over the SeaWiFS era. PAR(p (MAT11); (3) CHL vs. Ky relationships established in case-

tended to decrease at all summer months with the largest reft waters byMorel and Maritorena(2003) (MMO1). For the
ative rate occurring in June-.1%yr %, p <0.05) when  Year 2007, the annual circum-Arctic PP obtained were 60 %,

solar irradiance is maximum<(39 mol photonm2d-1, Ta- 42 % and 82 % higher than our estimate for W05, MAT11

ble 1). and MMO01 methods, respectively. Secondly, CHL was re-
trieved using a semi-analytical approach that minimize the
3.2 Below-surface photosynthetically available effect of colored detrital mater (CDM), which is dominant
radiation trends in the Arctic B€élanger et a).2008 Matsuoka et a).2007,

2011 Wang et al.2009. Again, a calculation using the stan-
In the seasonally and permanently open water, sea ice idard NASA algorithm (i.e. OC4), yield an annual RH %
the primary factor controlling the penetration of PAR in the higher than the GSM algorithm. Interestingly, when PP is

Biogeosciences, 10, 40821401, 2013 www.biogeosciences.net/10/4087/2013/
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Table 1. Regionally averaged daily flux of PAR above the sea (ice) surface (PARI®mol photon nT2d~1) and its relative trends
computed for the 1998 to 2009 period (in parenthesis, in % )yrSignificant trends are in bold text with superscript indicating the level of
significance: (a) 0.05% p < 0.1, (b) 0.01< p <0.05 and (c)p <0.01

Region May June July August September
Greenland Sea 29.0-0.902 38.6(-1.07° 34.6(-0.52) 22.4(0.98° 14.8(-0.37)
Norwegian Sea 33.3(0.20) 37.8¢0.42) 335(1.16° 24.2(-0.71) 12.8(0.88°
Barents Sea 28.0(1.06° 37.1(-1.86° 33.9(-0.83) 21.0¢0.93P 13.3(-1.15°
Kara Sea 24.640.64) 35.6(0.94P 353(-0.67) 22.2¢1.41)° 17.4(1.35°
Laptev Sea 26.340.44) 357(154° 358(-1.29P 227(-0.95° 17.6(0.85°
East Siberian Sea 28.61.532 41.2(-0.72) 39.8(0.99? 251 (-0.792 17.3(-0.84P°
Chukchi Sea 33.040.72)  46.0(0.93)  40.9 (0.98) 26.3(0.12)  12.840.51)
Beaufort Sea 29.941.86°  44.9(-0.40) 42.2¢0.02) 27.5(0.20) 18.6(0.52)
Arctic Ocean 26.140.85) 36.9(0.92) 38.2(0.45) 23.5(0.21) 21.1(0.24)
Northwestern Passages 29:5)63) 40.8 £0.34) 40.8 £0.38) 25.9 £0.32) 14.8 (0.26)
Baffin Bay 29.2 (0.41) 40.0 £0.95° 37.8(0.39) 23.2(0.24) 11.60.21)
Hudson Bay 34.241.65° 46.0(-0.642 46.1(-0.28) 33.3(0.53) 18.8(0.26)
Hudson Strait 31.940.87) 41.8(0.03) 43.9(0.35) 30.4(0.34) 17.6(0.69)
Davis Strait 33.440.69° 41.1(-0.44) 40.7¢0.03) 28.1¢0.70® 15.8(-0.88)
Labrador Sea 36.5(0.47) 40.3 ¢0.23) 39.5¢0.22) 311 (—O.Gab 20.7 (-0.18)
Sea of Okhotsk 37.940.60° 43.0(0.27) 39.941.03) 31.2(0.62) 22.3(0.14)
Bering Sea 34.640.99P 37.0(1.0° 345(0939° 27.1(0.79) 18.7¢0.87°
Gulf of Alaska 385(1.08° 41.3(039) 37.6(0.67) 31.2¢1.19% 19.7 (-0.74)
Arctic + sub-Arctic Seas 33.0 (-0.86P 39.6 (-0.7)¢ 37.4(-0.84° 26.0(-0.57° 17.1(-0.67°¢
Circum Arctic 29.2(-0.71) 38.7(1.1)° 36.4(-063) 23.3(0.31) 15.6¢0.49
C) Standardized trends

A) PAR(

0+)

0170

B) Absolute trends

=1R0°170°

180170

5.0

-50 -25 00 25

PAR trends (% y~")

-150-100 -50 0 50 100 150
PAR trends (mol photon m=2 y-1)

0 2000 4000 6000 8000
PAR (mol photon m=2 y-1)

Fig. 1. (A) Mean yearly downwelling flux of PAR above the sea (ice) surface (PAR(fbr the 1998 to 2009 perio@B) Absolute PAR(G-)
trends calculated using the TSA, aft) the standardized PAR{) trends (i.e. PAR(@) trends/climatological PAR+) - 100).

Bricaud et al.(1998 vyields an annual PP 12 % higher than
tal PP rises by~ 85% to reach 35% 15 TgCyr !, which our estimation. Finally, the light-saturated CHL-normalized
is still lower than previous estimation #frigo et al.(2008. carbon fixation rate, , which usually varies as a function of
Thirdly, the spectral shape of phytoplankton absorption coef-sea surface temperature in PP models, is fixed to a constant in
ficient is given by statistical relationships publishedNbt- our model (2.0 mg@ng CHL)~1h~1) due to a lack of robust
suoka et al(2011). The case-1 waters parameterization of parameterization for arctic waterddfot et al, 2013.

calculated using CHL from OC4 andygrom W05, the to-

www.biogeosciences.net/10/4087/2013/ Biogeosciences, 10, 40822013
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Table 2. Regionally averaged daily flux of PAR just beneath the sea surface (PARfOmMol photon nT2 d—l) and its relative trends
computed for the 1998 to 2009 period (in parenthesis, in %)yrSignificant trends are in bold text with superscript indicating the level of
significance: (a) @5 < p < 0.1, (b) 001 < p < 0.05, and (c)p < 0.01

Region May June July August September
Greenland Sea 22.50.46) 27.9(1.16° 26.9(-0.89° 18.3(1.00)° 11.5(0.93)
Norwegian Sea 30.30.18) 33.3(0.42) 305¢(1.16° 22.0(0.71) 11.6¢(0.88°
Barents Sea 19.4 (2.09) 27.4(0.19) 28D(94) 18.7¢0.76° 11.7 (-0.61)
Kara Sea 42903° 10.8@.41P  20.3@.482 16.9 (0.40) 12.9 (0.67)
Laptev Sea 5.4 (1.90) 12.3(1.14) 18.6 (0.66) 16.8.02) 12.7 (0.98)
East Siberian Sea 3.3(4.05) 9.7 (2.13) 17.9 (1.71) 17.9 (1.10) 12.4 (1.33)
Chukchi Sea 8.1(1.74) 21.6 (2.55) 31.9 (0.74) 23.1(0.25)  110405)
Beaufort Sea 47(1.19) 149895° 21.2@8.0)° 17.5@.342 11.2 (3.97)
Arctic Ocean 5.6 (3.52) 8.3(6.91) 14088° 12.7@3.36°  10.93.03°
Northwestern Passages 6.3 (2.11) 13.9@b 20.2@.132 17.6 (1.83) 10.3 (1.05)
Baffin Bay 10.6 (3.82) 19.9 (1.91) 28.6 (0.61) 20.1 (0.56) 9.3(0.18)
Hudson Bay 10.042.57) 21.9¢3.16) 38.4(0.32) 29.7¢0.48) 16.8(0.16)
Hudson Strait 10.140.42) 24.6(0.13) 385(0.18) 27.2(0.31) 15.8(0.51)
Davis Strait 24.5(0.24)  30.310.27) 34.0(0.22) 25.140.48) 14.2{0.88)
Labrador Sea 30.60.52) 34.6(0.29) 35.8(0.22) 28.2(0.65° 18.7(-0.15)
Sea of Okhotsk 30.840.34) 36.7(0.19) 36.241.108 28.3(-0.63) 20.2 {0.15)
Bering Sea 29.141.19) 32.2¢0.98P 31.3(0.99°7 24.6(0.79) 16.9(0.86°
Gulf of Alaska 345(0.72) 36.3(0.39) 34.2(0.67) 283(1.19% 17.9(-0.74)
Arctic + sub-Arctic Seas 24.6 (-0.27) 27.7(0.12) 28.9(0.15) 21.7¢0.18) 13.9(0.10)
Circum Arctic 18.5 (0.37) 22.6 (0.16) 24.2 (0.49) 17.8 (0.42) 11.4 (0.43)

A) PAR(0-) B) Absolute trends

170518017

C) Standardized trends

047

2000 4000 6000 8000 -150 -100 -50 0 50 100 150 0
PAR (mol photon m=2 y-1) PAR trends (mol photon m=2 y-1) PAR trends (% y~")

Fig. 2. Same as Fig. 1, but for PAR just below the air-sea interface (PAR(0

3.4 Primary production trends East Siberian and Beaufort Seas) shelves (Fig. 3b). Because
small relative changes in these productive areas can dwarf
large relative changes in unproductive areas, the standard-

Figure 3b shows that PP changes are spatially heterogqzed trends presented in Fig. 3c provide a better assessment

neous and relatively small over most of the circum Arctic of intra-regional changes than do absolute trends. After stan-

Ocean (& 3gCnT2yr~1). The overall positive trend in PP gardization, positive trends are found on seasonally ice-free

is mostly driven by the historically productive regions of in- jnflow and interior shelves, as well as in permanently open
flow (Barents and Chukchi) and interior (e.g. Kara, Laptev,
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waters (Southern Iceland Shelf, Western Bering Sea). Negasur approach, trends in ocean optical properties are best rep-
tive trends are found along major exit routes of Arctic watersresented by CHL/Kyr.
over outflow shelves in the Eastern Greenland Sea and Cana- Figure 4 illustrates the relationships between satellite-
dian Archipelago (e.g. northwestern Baffin Bay, Lancasterderived products and their relation to PP. In the open ocean,
Sound), and in the northern part of the Bering Sea. the variability in Kpyr is largely controlled by phyto-
PP integrated over the circum-Arctic increased for eachplankton biomass. In July 2007, for example, 82 % of the
summer months and the trend was significant in May, Juneyariance in kygr in the circum-Arctic was explained by
August and September (Table 3). The largest increase iICHL (Fig. 4a). The remaining variance (18 %) was due to
PP occurred during the month of May-0.85 TgCyr?! other optically significant constituents, or phytoplankton pig-
or +2.38%yr1) followed by June 40.65TgCyr?! or ments characteristics that influenceyg. It also shows that
+1.60%yr 1) (Table 3). The Barents Sea is the area wherethe Kpyg for a given value of CHL is much higher than
the increase was the most pronounced in Mag.( % yr 1, the value predicted the case-1 water model published by
14.6 mg Cnr2d-1yr-1), while the northern Barents Sea Morel and Maritorena(2001). The differences are more pro-
and the southeastern Beaufort Sea showed the highest imounced in the low chlorophylk concentration range and
crease in June{15.3%yr!, 21mg Cnr2d-tyr-1). A tend to diminish as CHL increases. Consequently, PP will be
similar seasonal pattern in PP trends, though with smalletower in the Arctic for a given CHL concentration as com-
relative changes< +1 % yr-1), were found when consider- pared to the open ocean.

ing both Arctic and sub-Arctic Seas (Table 3). When PP is normalized to the incident irradiance
_ _ . (PAR(0-)), denoted as PP*, a strong positive relationship
3.5 Trends in ocean optical properties was obtained with CHL 2 =0.92; Fig. 4b). Note that

_ PAR(0-) alone explained 18 % of the variance in PP (not
The above results show that changes in PAR(@lone only  ,0yn) * Similarly, PP* was also positively correlated to

partly explain the general increase in PP (Figs. 2 vs. 3). Thiq<F>UR due to its dependence on CHE2(= 0.58; Fig. 4c).

was expected since PP is, to the first order, strongly depengy e 44 shows the strong relationship existing between PP*
dent on phytoplankton biomass (CHL) and, to a lesser extent, 14 the ratio of CHL/Kur (2 = 0.98). This result was ex-

f[o PAR and diffuse_light attenqatio_n. We, therefore, eXam'pected (Eq. 5) since the light-saturated CHL-normalized car-
ined how ocean optical properties (i.e. CHL akiflyr) have ot

P prop T~ URJ Tl bon fixation rate was set to a constant value. Note that the
changed between 1998 to 2010. Here the changes in the 3z »ining variability on Fig. 5d is due to the model choice

tio of CHL andKpur (CHL/KpuR), @ quantity directly pro- ¢, p ys | curve (Eq. 1) and the parameterizatiorgf (i.e.,
portional to depth-integrated PP, are analysed. This choice i?(PAR(O—)* ) in Eq. 5).

inspired fromPlatt and Sathyendrana{i993, who demon-

. , . . The seasonal variation in CHLAgr is shown on
strated, using a dimensional analysis, that PP models COMpiy 5a—d, where a general decrease is observed from

m(_)nly us_ed in Ocean_CoIor remote sensing can be expressq\qay to August. Most Arctic waters exhibited CHLAGR <
using a simple canonical form, 2.5mgCHLNT2, which is lower than the averaged val-
PB.CHL-D ues found in the North Atlantic and North Pacific- (
PP= mK— -F(PAR(0-);,) (5)  3mgCHLNT?). In May, relatively high values were found in
_PAR ) ] sectors known to host intense spring phytoplankton blooms,
where D is the day length, gir is the diffuse attenua- gych as the Barents and Chukchi Seas and the Baffin
tion of PAR and f(PAR(0-);,) is a dimensionless factor gy (North Water (NOW), West Greenland Current (WGC)
that depends on the mid-day PAR{(Dnormalised to k. (Fig. 5a; Table 4). In contrast, CHLAGR remained low dur-
J (PAR(0-);,) depends on the model choice for P vs. I curve jng the whole summer season in strongly stratified arctic wa-
(Eq. 1), the magnitude of incident PAR and the function cho-igg (e.g. Canada Basia 1 mgCHLnT2). In August, most
sen to describe tBhe variation of surface irradiance through the,,tic waters are strongly stratified except in regions where
day. The factoerkCH"’D is common to most satellite-based deep-water upwellings are dominant (e.g. northeast Green-
models that assumes vertically homogenous CHL profiledand, Hudson Strait, Siberian coastal waters) (Fig. 5d). At the
(Platt and Sathyendranatii993. This dependency can be regional scale, the highest CHLgKR values were observed
demonstrated analytically by integrating Eq. (1) with a few in the Laptev Sea in summes(9 mgCHLnNT2, Table 4),
assumptions (see Supplement for details). In most satellitewhich are likely too high in these waters heavily influenced
based approaches, howevepak is a function CHL, render- by large Siberian river inputs of CDOM and detrital material
ing the evaluation of CHL/KaR irrelevant. In our case, gyr (Fichot et al, 2013.
is used instead of Kar to better take into account for spec-  The monthly trends depicted in Fig. 5e—l, showed a general
tral effect of light attenuation and the phytoplankton spectralincrease of CHL/Kkyr in May, particularly in the southern
absorption properties. More importantlypfr is not fully Labrador Sea, northern Baffin Bay (i.e. the NOW), the south-
dependent on CHL because it was assessed using the QA&rn portion of the East Greenland Current (EGC) and south-
algorithm. Thus, in the context of a PP trends analysis withern Barents Sea. In June, the positive trends were found in
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Table 3.Regionally averaged daily flux of PP (in mg Cl%d—l) and its relative trends computed for the 1998 to 2010 period (in parenthesis,
in % yr—1). Significant trends are in bold text with superscript indicating the level of significance:0&x0p < 0.1, (b) Q01 < p < 0.05,
and (c)p < 0.01

Region May June July August September
Greenland Sea 263(2.36) 352(0.63) 19®(6) 111 (0.14) 86 (0.62)
Norwegian Sea 273(1.82)  314(0.42) 224(05) 167 (0.76) 111+0.07)
Barents Sea 46B(132  233(2.08) 1681.44° 123 (1.43P° 93 (0.56)
Kara Sea 494.61° 221@4.26° 358 Q.61)° 369 (-0.14)  311(0.35)
Laptev Sea 122 (2.20) 220(1.99) 505(1.85) 527(0.88) 410 (0.08)
East Siberian Sea 42 (5.00) 147 (4.14)  351(2.06) BE 222 Q.252
Chukchi Sea 128(0.99)  224(4.70) 184 (1.74)  151(2.67) D1ZHP
Beaufort Sea 47 (0.39) 140%.3P 211@.389P 160 (-0.41) 96 (0.98)
Arctic Ocean 105(5.19)  9B(77®  82@4.57¢  80@4.11)P  75(3.74°
Northwestern Passages 53 (3.41) 830P 111 (0.62) 95 (1.78) 64 (3.08)
Baffin Bay 1636.09P  172(0.35) 14841.04) 98 4.89P° 65 (2.42)
Hudson Bay 93¢2.08)  154(0.37) 19415 1640.09° 128 (1.06°
Hudson Strait 60 (1.75)  198(0.36) 240@.46) 150(0.07) 103 (0.41)
Davis Strait 309(0.78)  168(0.94)  178(0.91) 121 (0.15) 86 (1.04)
Labrador Sea 231(1.99) 287(0.71)  211(0.98) 130.84)  98(.93°
Sea of Okhotsk 38(86P 444 (1.52)  240(0.67)  171(3.07) 135.04P
Bering Sea 343 (1.14) 343.@4}b 225 (—0.66) 196 (0.96)  1541(1892
Gulf of Alaska 384 (1.60) 33540.38) 254 (0.68) 221A76°  171(0.75)
Arctic + sub-Arctic Seas 302 (1.49P 280(1.32) 222@.742 177 1.2)°¢ 1350.96°
Circum Arctic 276 2.38° 237 (1.602  214(0.92) 1751.08° 133 (0.832

C) Standardized trends

0 50 75 125 -5.0 -25 0.0 25 5.0 15 10 -5 0 5 10 15
Primary production (g C m=2y-1) Primary production trends (g C m=2y-') Primary production trends (% y~')

Fig. 3. (A) Climatological primary production rates for the 13 yr SeaWiFS time series (1998-2ZB)@bsolute PP trends calculated using
the TSA, andC) the standardized PP trends (i.e. PP trends/climatological 8®.

the northern Labrador, northern Barents and southern Beringorthern Greenland (both EGC and WGC) and in the North-
Seas, and negative trends in the northern Baffin Bay andvestern Passages (Table 4). In August, a positive trend re-
northern Bering Sea (Fig. 5f, j). In July, positive trends are mains in the Hudson Bay, the Chuckchi and Barents Seas,
found in the Hudson Bay, the southern part of the WGC andand the central Baffin Bay (Fig. 5I), but the absolute trends
the southern Barents and Chukchi Seas (Fig. 5g, k), whereasere small, excepted in the Bering Strait and the Laptev Sea
relatively strong negative trends occurred in coastal waters of

Biogeosciences, 10, 4082401, 2013 www.biogeosciences.net/10/4087/2013/
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Fig. 4. Examples of relationship betweéA) CHL and Kpyr, (B) CHL and PP normalized by surface PAR (PRY) Kpyr and PP*, and
(D) CHL/Kpyr and PP* for the month of July 2007. The black line on pgAglis Kpyr predicted from CHL using the empirical model of
Morel and Maritorena (2001) for ikand Matsuoka et al. (2011) fapy,.

(Fig. 5h). Again, significantly negative trends were observedstudy period (Table 24-3.4 % per decade in the circum Arc-

in the Northwestern Passagesl(%, p < 0.05; Table 4). tic and —3 % over both Arctic and sub-Arctic Seas; Fig. 3).
At the pan-Arctic scale, CHL/Kyr did not vary signifi-  Warmer temperature and moisture fluxes are likely the main

cantly when the data above the Arctic Circle were pooled to-drivers of the increase in cloudinedsastman and Warren

gether, but significant positive trends were obtained in May,201Q Vavrus et al. 2010 Palm et al.201Q Wang and Key

June, August and September when sub-Arctic Seas were cor005. The positive trends over the perennially ice-covered

sidered (Table 4). ocean is, however, more uncertain due to the lower qual-

ity of cloud properties retrievals over ice covered conditions
i ) . (Schweiger et al.1999 Chernokulsky and Mokhqgw012).

4 Discussion and conclusions Depending on region, the light attenuation due to the cloud

cover potentially reduced the total annual PP fremi8 %

: : ’ in the Canadian archipelago (Northwestern Passages, Hud-

uitous between 5N and 70 N, with decadal reduction of son Strait) to up to 32% over the Siberian shelves (Laptev

0 . . N A
8 % for the integrated circum-Arctic and sub-Arctic Seas andand Kara Seas) (Table 5). These numbers were obtained by

04 | ifi i -
up to 20% in specific areas (e.g. Barents Sea in June, Taassuming an hypothetically cloud-free atmosphere all year

ple 1). This trgl_wd is conagen_t with several studies report—round (PPlear sky \which would obviously have strong im-
ing strong positive anomalies in cloud amount above newly

) pacts on the ocean heat budget, mixing and stratification,
opened waters during summer and early falagtman and therefore modifying the supply of nutrients in the euphotic
Warren 201Q Vavrus et al. 2010 Palm et al. 2010 Wang 9 PPy P

; zone and the total PP. It is nevertheless a good way to assess
and Key 2005. Increased cloudiness thus partly counteractsthe otential dampina of PP due to cloud cover. Eiqure 6 and
the positive influence of declining sea ice on PARjGand P ping 19

renders the change in PAR(Ynon-significant over the 13 yr Table 5 show the trends of the potential reduction of the total

The decrease in PAR{0) over open water was nearly ubig-
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0.5 1.0 2.0 3.0

-0.8-0.6-04-0.2 0.0 0.2 0.4 0.6 0.8
Fig. 5. (A-D) Monthly climatology of the ratio between CHL

and the diffuse attenuation of PUR (CHLgKR); (E-H) absolute  Fig. 5. Continued.
CHL/KpyRr trends calculated using the TSA, a(leéll) the stan-
dardized CHL/KpyR trends (i.e. CHL/KyR trends/climatological

CHL/KpyR- 100). ) Ma

annual PP due to cloudiness. At the pan-Arctic scale, the in:
creasing cloudiness damps the total annual PP Byb % per

part of the Arctic with a maximum value of 5.3 % decade
observed in the Barents Sea (Table 5).

Previous analyses of satellite-based PP time series re
vealed significant variability in spatial patterns and tempo-
ral trends across Arctic marine ecosystegifjo and van
Dijken, 2012, Arrigo et al, 2008 Kahru et al, 2011, Per-
rette et al.2017). Here we also found a significant « 0.05)

PP trend of+-2.8 TgCyr ! (or +1.4 % yrtin relative terms)
between 1998 and 2010 for the circum-Arctic. Longer grow-
ing season and light availability (i.e. PAR{)) was previ-
ously identified as a main driver of change in the high Arctic ¢
(Arrigo and van Dijken201%, Arrigo et al, 2008. We also
found a correlation between annual PAR and PP anomalie
across the circum-Arctio-¢ = 0.42, p < 0.001; not shown).
However, changes in light availability do not alone explain
the positive PP trends in many Arctic sectors, except on Arc-
tic interior shelves where PAR() is largely driven by SIC
(Figs. 2 vs. 3). In many regions, such as Hudson Bay, Baffin
Strait, Baffin Bay and the Labrador, Norwegian and Barents
Seas, PAR(8) decreased while PP increased. The pattern in

-8 6 4 -2 0 2 4 6 8

Fig. 5. Continued.
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Table 4. Regionally averaged CHL/yR (in mg CHL m‘z) and its relative trends computed for the 1998 to 2010 period (in parenthesis, in
% yr—1). Significant trends are in bold text with superscript indicating the level of significance0&)x0p < 0.1, (b) Q01 < p < 0.05, and
(c)p <0.01

Region May June July August September
Greenland Sea 3.98(0.79) 4.41Q.32) 2.63(0.25) 1.97 (0.05) 1.8240.30)
Norwegian Sea 3.61(1.69) 3.64 (0.78) 2.84 (0.49) 2.67 (0.40) 2.76 (0.03)
Barents Sea 7.97(051) 3.19@.36) 2.211.00°  2.09 1.09?2 2.41(0.25)
Kara Sea 35800192 6.11(-0.25) 6.15(0.20) 6.85(1.33) 8.95¢0.01)
Laptev Sea 6.32-(0.18) 5.57 (0.22) 9.63 (0.27) 9.54 (0.59) 16.68)(01)
East Siberian Sea 3.76 (0.04) 5.54(0.15)  7-38.01) 5.65 (0.35) 5.13 (0.14)
Chukchi Sea 6.13 (0.07) 458 (1.68)  2.610(56) 2.53(0.84) 2.960(472
Beaufort Sea 3.4040.01) 3.32¢0.35) 3.79¢(0.95? 3.11(-1.75) 3.21(0.11)
Arctic Ocean 5.04 (0.07) 3.66 (0.09) 2.20(0.02) 1.8D(9) 1.47 (0.20)
Northwestern Passages 2.94005) 2.53(0.09) 2.33(0532 1.94 (—1.03'0 1.78 (-0.13)
Baffin Bay 4,72 (0.29) 2.95{1.602 2.10(-0.78) 1.71 (0.08) 1.50 (0.29)
Hudson Bay 4.10q.49° 3.22@.00° 273@.70° 262@.60)P  2.770.93°
Hudson Strait 2.58(0.43) 356.40)° 3.05(-0.77) 2.43(0.76) 2.33(0.55)
Davis Strait 5.04 (0.55) 2.47 (0.79) 2.43(0.57) 2.60(4) 2.03(0.20)
Labrador Sea 3.56 (2.04) 3.81(0.12) 2.85(0.72) 24Q2.87) 2.11 2.2])b
Sea of Okhotsk 6.221(60P 5.79 (0.62) 3.26 (1.06)  2.72(042  2.78 R.24°
Bering Sea 5.301(13P  4.62@.27P®  3.12(-0.85) 3.23(1.15)  3.381(84¢
Gulf of Alaska 541 (1.52) 4.2040.34) 3.31(0.88)  3.41(64P 3.63 (0.80)
Arctic + sub-Arctic Seas  5.13 0.99° 4.15 (1.192 3.34(0.14) 3.07q.51)P 3.10 0.70°¢
Circum Arctic 5.17 (0.75) 3.93(0.16) 3.54-0.02) 3.20 (0.09) 3.22 (0.05)

Fig. 5 shows that this observation can only be explained by a S
change in ocean optical properties, here expressed as the rati
of chlorophylla concentration to the diffuse attenuation co-
efficient of photo-synthetically usable radiation (CHIp{R)

(Fig. 5; Eq. 5).

In general, low CHL/KyRr values occurred in stratified,
nutrients-depleted surface waters, while high values were
found in productive waters sustained by nutrients inputs from
rivers or the deep ocean (Fig. 5a—d). In the Canada Basin
and Hudson Bay, for example, the haline stratification lim-
its nutrient supply, explaining the low surface CHtefland
et al, 2011 Ardyna et al, 2011). In these waters, however,
the diffuse attenuation remained relatively important due to ® Circum-Arctic (>66.58°N)
the high background in colored detrital materials (CDM) Arctic + sub-Arctic seas
(Granskog et aJ2007 Antoine et al,2013. In sectors where 1098 2000 2002 2004 2006 2008
river inputs are dominant (Kara and Laptev Seas){ot
et al, 2013, however, very high values of CHLHA{r may
be severely overestimated due to the difficulty in distinguish-Fig. 6. Trends in the potential reduction of total annual PP due to
ing CHL from other optically active constituents. Improve- cloudiness (in %) as estimated using 1Q0-PP/PBIearsky inte-
ments of ocean color algorithms for both CHL ang - grated over the circum-Arctic (lat. above 66°38) and over all arc-

mains a major issue for PP estimation in the coastal arctidi¢ @nd subOarctic seas. B8 Skyjs the total annual PP calculated
(Ben Mustapha et 312012 assuming clear sky contidtions. Linear trends statistics are presented

in Table 5.

v * 100 (%)

1-PP/PP_clearsk

20

Year

CHL/Kpyr remained relatively constant within Arctic in-
terior shelves, possibly because sea ice and clouds limit the
number of good quality data in these environments. The genye, phytoplankton bloomsKahru et al, 2011). The positive
eral rise in CHL/koyr observed in permanently open waters pp trends in the Labrador Sea (Fig. 3), for example, are due to
during May (Table 4) could be related to increasingly early jncreasing values in CHL/Kr from south to north in early
stabilization of the water column in spring, resulting in ear- ¢\, nmer (Fig. 5i, j). Similarly, high PP in the Barents Sea
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Table 5. Potential reduction of PP due to cloudiness (in %) as es-ing at depth~ 600 m suggested that a dramatic increase in
timated using 100(1—-PP/PE€a"sky, where PP SKYis the to-  the export of freshly produced organic matter in the euphotic
tal annual PP calculated assuming clear sky conditions (in parenzone to the deep ocean has occurred during the last decade
thesis, in %yr1). Significant trends are in bold text with super- (Gaillard et al, 2013. The authors suggested that this ma-
script indicating the level of significance: (a)08 < p <0.1, (b)  jor ecosystem shift is primarily caused by changing local sea
0.01<p <0.05,and (cjp < 0.01 ice dynamics and/or match-mismatch between phytoplank-
ton bloom and zooplankton grazing. The earlier timing of the
phytoplankton bloom, which may escape zooplankton graz-

Region Mean 1998-2009
(trends, % yr1)

ing, raise questions about the ultimate drivers of changes

Greenland Sea 22.942° in the NOW. They could be due to changes in the quan-
Norwegian Sea 21.D(32° tity or properties (e.g. salinity, nutrients) of the in-flow of
Barents Sea 26.0(63° cold, nutrient-depleted waters coming from the Arctic Ocean
Kara Sea 31.7(1.36)2 (Kwok et al, 2010 Munchow et al.2011), or in altered forc-
Laptev Sea 32.2041) ings from the atmosphere or the ocean.

East Siberian Sea 26.8.82° s .

Chukehi Sea 10.2(192 Important limitations qf our sa_telllte-based PP trends as-
Beaufort Sea 21.340.02) sess_ment must be mentl_oned. Firstly, our method cannot de-
Arctic Ocean 20.4 (0.22) Fect if changes ogcurred in thg subsurfape chlorophmhx—
Northwestern Passages 16.9 (0.10) imum (SCM), which can be important in the Arctic waters
Baffin Bay 19.6 (0.29) during the summer periodMartin et al, 2012. Recent stud-
Hudson Bay 22.50.192 ies, however, suggested that the error in the annual PP assess-
Hudson Strait 18.3 (0.11) ment resulting from the omission of the SCM is small, but
Davis Strait 20.5(0.17) more important during the post-bloom period in late summer
Labrador Sea 20.6 (0.01) in stratified seasArdyna et al, 2013 Arrigo et al, 2011).

Sea of Okhotsk 226 (0.09) Secondly, under-ice phytoplankton blooms, which are unde-
Bering Sea 24.80:33 tectable from space, may be more important than previously
Gulf of Alaska 21.4 (0.27) -

Arctic + sub-Arctic Seas 24.0 0.33° thought. These blooms have been observed in different Arc-
Circum Arctic 25.2 0.36° tic sectors and can locally represent most of the annual PP

(Arrigo et al, 2012 Mundy et al, 2009. With the reduction
of the sea ice thickness under warming climate conditions
(Kwok et al, 2009, under-ice phytoplankton blooms may
(Table 3) is mostly driven by positive trends in CHLgR in be expending but not yet quantified. Thirdly, the ocean color
May (15 (mg Cmr2d—1)yr~1) (Fig. 5j, k; Table 4). time series remains relatively short (i.e. 13 yr) for the assess-
Despite a general positive trend in PP over much of thement of long-term trends in the ocean productivity. But the
Arctic, we found strong indications that total annual PP is de-pace at which changes are occurring in the Arctic may hide
clining in regions of prime ecological importance. Negative the natural variability due to decadal oscillations.
PP trends were mostly explained by a reduction of PAR due High spatial resolution maps of PP trends, together with
to increasing cloudiness (Fig. 1) in the northern Bering Seathose in PAR(6), PAR(0-) and CHL/Kpyg, provide new
(Fig. 3) and by higher SIC and lower penetration of sun lightinsights into the main drivers of changes in primary produc-
in the water column (Fig. 2) near the location of the north- tivity across the Arctic and sub-Arctic marine ecosystems.
east water (NEW) polynya. The latter result may be due toFuture developments of long-term monitoring capabilities of
an increase in sea-ice export trough Fram Strait since 200&arine arctic ecosystems should, among other, (1) include
as reported recently dgwok et al.(2009. The North Water  improvements in the ocean color algorithms to reduce the
(NOW) polynya, located in the northern Baffin Bay, expe- uncertainty on the satellite-based PP estimations in optically
rienced one of the most severe drop in PP (5g@ym1; complex waters, in particular, in the river-influenced ocean
Fig. 4b). With an area of 80000 Kmthe NOW has been margins, (2) address the problem of data continuity to pro-
considered to be the most productive recurrent polynya nortiduce consistent time series of ocean color and other sen-
of 77° N due to a long and intense diatom bloom that startssors, (3) evaluate and compare methods used to estimate
in May and fuels a rich marine ecosystem supporting polarPAR reaching the sea surface under cloud and ice condi-
cods, large aggregations of marine mammals, sea birds anibns and (4) examine in more details the environmental
polar bearsTremblay et al.2006. Our results indicate that variability to better understand the most important drivers
the timing of the phytoplankton bloom have changed overof changes in the ocean optical properties and PP. Among
time. Indeed, an increase in CHLgKR in May was followed  those, changes in mixed layer depth, which is crucial for the
by a sustained decrease in June and July (Fig. 5), which wasupply of nutrients in the euphotic zone must be monitored
primarily responsible for the decline in the annual productiv- with respect to the potential impact of sea surface warm-
ity of the NOW. Recent evidence from Arctic bivalves liv- ing and/or increased freshwater input resulting from ice loss,
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precipitation, or river discharge. On the other hand, increasegurrigo, K. R., Perovich, D. K., Pickart, R. S., Brown, Z. W., van
in the frequency of cyclones in late summer could enhanced Dijken, G. L., Lowry, K. E., Mills, M. M., Palmer, M. A., Balch,
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. G. W. K. , Ortega-Retuerta, E., Pal, S., Polashenski, C. M.,
name but a few, should he examined more deeply. Reynolds, R. A., Schieber, B., Sosik, H. M., Stephens, M., and

Swift, J. H.: Massive Phytoplankton Blooms Under Arctic Sea
Ice, Science, 336, 1408, dbd.1126/science.1215065012.
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