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Abstract 5 

Sea ice in the Arctic Ocean has undergone an unprecedented reduction in area and thickness in 6 

the last decade, exposing an ever-increasing fraction of the sea surface to solar radiation and 7 

increasing the habitat suitable for phytoplankton growth.  Here we use a primary production 8 

algorithm that utilizes remotely sensed chlorophyll a, sea surface temperature, and sea ice extent 9 

data to quantify interannual changes in phytoplankton production in the Arctic Ocean between 10 

1998 and 2006.  Our results show that since 1998, open water area in the Arctic has increased at 11 

the rate of 0.07 × 106 km2 yr-1, with the greatest increases in the Barents, Kara and Siberian 12 

sectors, particularly over the continental shelf.  Although pan-Arctic primary production 13 

averaged 419±33 Tg C yr-1 during 1998-2006, recent increases in open water area have lead to 14 

higher rates of annual production, which reached a nine-year peak in 2006.  Annual production 15 

was roughly equally distributed between pelagic waters (less productive but greater area) and 16 

waters located over the continental shelf (more productive but smaller area).  Interannual 17 

differences are most tightly linked to changes in sea ice extent, with changes in sea surface 18 

temperature (related to the Arctic Oscillation) and incident irradiance playing minor roles.  19 

Estimation of primary production in the Arctic will aid the assessment of air-sea CO2 fluxes and 20 

improve our understanding of the ecological and biogeochemical changes that could take place if 21 

ice cover continues to decrease.  22 

 23 

1. Introduction 24 

The Arctic Ocean is currently in the forefront of climate change caused by both natural and 25 

anthropogenic factors.  Since 1950, the mean annual air temperature has increased by 2-3°C and 26 

by 4°C in winter [Chapman and Walsh, 2003], resulting in markedly longer summers [Smith, 27 
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1998].  Temperature is projected to increase by an additional 4-5°C by the end of the 21st century 28 

[ACIA, 2005].  In conjunction with these higher temperatures, sea ice cover in the Arctic Ocean 29 

has been contracting over the past three decades, with dramatic reductions in recent years [Levi, 30 

2000; Parkinson, 2000].  Changes in sea ice cover also include an increase in the length of the 31 

ice melt season [Smith, 1998; Rigor et al., 2002; Serreze et al., 2007; Comiso et al., 2008] and a 32 

decrease in ice thickness over the central Arctic Ocean [Rothrock et al., 1999].  The result is 33 

greater open water area and enhanced shelf break upwelling, the latter of which is expected to 34 

increase the input of nutrients from offshore waters to shallower shelves [ACIA, 2005].  While a 35 

reduction in sea ice should favor the growth of phytoplankton and increase the net air-to-sea flux 36 

of CO2 [Anderson and Kaltin; 2001; Bates et al., 2006], it also will reduce the amount of 37 

production contributed by algae growing within the sea ice [Subba Rao and Platt, 1984; 38 

Legendre et al., 1992; Gosselin et al., 1997], although sea ice communities generally account for 39 

a relatively small fraction of total primary production in Arctic waters.  40 

One step towards a better understanding of the effects of these environmental changes on the 41 

marine ecosystem and carbon biogeochemistry in the Arctic is to quantify current rates of basin-42 

scale phytoplankton primary production.  While a number of primary production estimates are 43 

already available for the Arctic [e.g., Platt et al., 1982; Wassman and Slagstad, 1993; 44 

Vedernikov et al., 1995; Gosselin et al., 1997; Boetius and Damm, 1998; Tremblay et al., 2002], 45 

these cover relatively small temporal and spatial scales.  This is primarily due to the difficulty of 46 

sampling such a harsh and often inaccessible environment.  The data that are available suggest 47 

that rates of primary production in this region are governed by its unique physical environment.  48 

For example, the shallow bathymetry of much of the Arctic Ocean greatly influences the light 49 

and nutrient inventories that are required for primary production.  Discharge from rivers both 50 

enhances primary production by supplying additional nutrients and inhibits it by limiting light 51 

transmission through the water column due to high sediment loads [Kirk, 1983].  Sea ice also 52 

impacts light transmission to the water column and plays a crucial role in determining the mixed 53 

layer depth (via increased stratification during ice melt and convective mixing during sea ice 54 
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formation) that, along with the critical depth, dictates the onset and demise of the spring and 55 

summer phytoplankton blooms.  56 

Unlike other oceans, the Arctic Ocean is almost completely landlocked, except for the very 57 

shallow Bering Strait (~50 m), that connects it to the Pacific Ocean, and the Fram Strait and 58 

Canadian Archipelago that allow exchange with the Atlantic Ocean.  Associated with the 59 

extensive land margin is a broad continental shelf.  Extending over an area of 5 × 106 km2, the 60 

continental shelf comprises about 53% of total Arctic Ocean area, much higher than the 9.1 -61 

17.7% characteristic of continental shelves in other oceans of the world [Menard and Smith, 62 

1966; Jakobsson, 2003].  Ice-free continental shelves, such as those found in parts of the 63 

Chukchi Sea, often experience intense seasonal blooms of phytoplankton owing to their 64 

favorable nutrient and light conditions [Hill and Cota, 2005].  65 

Another unique feature of the Arctic Ocean is the large amount of riverine discharge it 66 

receives (~4000 km3 yr-1) [ Shiklomanov, 2000; Carmack and Macdonald, 2002], arising from 67 

both large rivers, like the Ob, Lena, Yenisey, and Mackenzie, and numerous smaller ones in both 68 

the Amerasian and Eurasian sectors.  This large freshwater input affects both the salinity and 69 

nutrient concentration of the Arctic Ocean.  Furthermore, it is predicted that precipitation in a 70 

warming climate will increase significantly [IPCC, 2006], thereby enhancing the already 71 

enormous fluxes of riverine sediment discharge (670 Mt yr-1) and organic carbon (12.6 Mt yr-1) 72 

from the land to the Arctic Ocean [Macdonald et al., 1998], both of which will impact nutrient 73 

and light availability and hence, phytoplankton growth.  74 

The circulation of the Arctic Ocean is comprised of both low salinity (<33) and nutrient-rich 75 

Pacific Ocean water and relatively nutrient-poor and more saline (~34.8) Atlantic Ocean water 76 

[Maslowski et al., 2004].  The denser Atlantic water is distributed via counterclockwise currents 77 

along the continental slope at the basin margins.  The relatively less saline and warmer Pacific 78 

water enters the Arctic Basin through the Bering Strait between Cape Dezhnev and west Alaska, 79 

and exits through the Canadian Archipelago, the Fram Strait and the Nares Strait.  Historically, 80 

the front separating the Atlantic and Pacific water has been located over the Lomonosov Ridge, 81 
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but recently this front appears to have moved closer to the Alpha-Mendeleev Ridge.  This shift in 82 

the location of the front has lead to the displacement of a large quantity of Pacific water that has 83 

been replaced by nutrient-poor water from the Atlantic [Macdonald, 1996], potentially reducing 84 

the amount of nutrients available for phytoplankton growth.  The nutrient-rich water from the 85 

Pacific Ocean is generally restricted to the Chukchi Sea and the Amerasian Basin [Carmack et 86 

al., 1997]. 87 

Surface concentrations of nitrate, phosphate and silicic acid in Arctic waters approach 88 

detection limits after the spring bloom [Sakshaug, 2003], suggesting that annual primary 89 

production is generally controlled by nutrient availability.  The nitrate to phosphate ratio in these 90 

waters ranges from 11 to 16 (mol:mol) [Sakshaug, 2003], suggesting that much of the Arctic 91 

Ocean is nitrogen-limited (assuming that phytoplankton require nitrogen and phosphorus at the 92 

Redfield ratio of 16:1).  Phosphorus limitation of phytoplankton is more likely in waters with a 93 

salinity of <25 [Sakshaug et al., 1983] due to low phosphate content of river waters that are 94 

otherwise rich in nitrate.  The silicic acid to nitrate molar ratio is spatially variable, ranging from 95 

a high of 1.9-2.4 in the Chukchi Sea and Eastern Canadian Arctic to a low of 0.31 in the Eurasian 96 

basin [Codispoti, 1979; Harrison and Cota, 1991; Sakshaug, 2003].   97 

Finally, sea ice dynamics are integral to the regulation of primary production in much of the 98 

Arctic Ocean.  In winter, brine rejection due to ice formation destabilizes the mixed layer, 99 

leading to deep vertical mixing and replenishment of surface nutrient inventories.  In spring, 100 

melting of ice results in strong surface ocean stratification, exposing the nutrient-rich waters to a 101 

light regime suitable for phytoplankton growth.  The resulting spring ice edge bloom forms a 102 

significant component of the annual primary production [Niebauer et al., 1990; Falk-Petersen et 103 

al., 2000].  In the study presented here, we assessed seasonal and interannual changes in the 104 

physical characteristics of the Arctic Ocean, including changes in irradiance, sea surface 105 

temperature, and sea ice distributions.  In addition, we quantified the changes in phytoplankton 106 

chlorophyll a (Chl a) and primary production that accompanied interannual differences in the 107 

physical environment of the Arctic Ocean within a number of different ecological provinces 108 
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(e.g., pelagic, continental shelf, etc.).  This was accomplished using a primary production 109 

algorithm parameterized for the Arctic Ocean with input data from a number of satellite remote 110 

sensing platforms.  This approach has the advantage of providing estimates of Arctic primary 111 

production at relatively high temporal resolution over large geographic areas.   112 

 113 

2. Methods 114 

2.1. Primary Production Algorithm 115 

Daily primary productivity (PP, mg C m-2 d-1) at each satellite pixel location was computed 116 

by integrating over depth z (0-100 m at 1 m intervals) and time t (hourly for 24 hours) as 117 

described in detail in Arrigo et al. [1998] and modified by Arrigo et al. [2008].  In its simplest 118 

form, the governing equation can be represented as:  119 

 PP =
z= 0

100

∫ Chl(z) C
Chl

G(z,t)
t= 0

24

∫ dt dz (1) 120 

where G(z,t) is the net biomass-specific phytoplankton growth rate (hr-1) and C/Chl is the 121 

phytoplankton carbon to Chl a ratio (90 g:g, see below).  Surface Chl a concentrations 122 

determined from 8-day SeaWiFS L3 images are considered to be representative of concentrations 123 

throughout the mixed layer.  Below the mixed layer, Chl a is assumed to decrease exponentially 124 

with depth as described by Arrigo et al. [2008].  In the Arctic, the spring-summer mixed layer 125 

depth (MLD) is reported to vary between 15 m and 20 m [McLaughlin et al., 2002].  In the 126 

present study, the MLD is assumed to be 20 m, similar to the value used by Walsh et al. [2005].  127 

Sensitivity studies revealed that the algorithm is not sensitive to MLD; for example, increasing 128 

the MLD to 50 m increased the calculated depth-integrated primary production by only 10%.  129 

G(z,t) is calculated each hour (t) and at each depth (z) as a function of the temperature-dependent 130 

upper limit to net growth and a light limitation term, L (dimensionless): 131 

 G(z,t) = Go exp[rT(z)] L(z,t). (2) 132 
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where Go is the maximum microalgal net growth rate at 0°C (0.59 d-1) and r is a rate constant 133 

(0.0633 °C-1) that determines the sensitivity of G to temperature, T (°C) [Eppley, 1972].  The 134 

light limitation term, L(z,t), is calculated for each depth and each hour as 135 

 L(z,t) = 1 - exp −
PUR(z,t )
Ek '(z, t)

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟  (3)  136 

where PUR(z,t) is photosynthetically usable radiation [Morel, 1978; 1987; 1991] and Ek'(z,t) is 137 

the spectral photoacclimation parameter [Arrigo and Sullivan, 1994].  PUR is similar to 138 

photosynthetically active radiation (PAR, the total radiation between 400 and 700 nm), except 139 

that PUR is weighted by the phytoplankton specific absorption spectra, as described by Morel 140 

[1978], and represents the subset of PAR that is readily absorbed by phytoplankton.  Ek'(z,t) 141 

varies with light history, simulating phytoplankton photoacclimation to a changing light regime.  142 

Downwelling spectral irradiance at the ocean surface was determined using the radiative transfer 143 

model of Gregg and Carder [1990], corrected for fractional cloud cover (from NCEP Reanalysis 144 

data) and specular reflectance [Arrigo et al., 2008].  Downwelling spectral irradiance was 145 

propagated through the water column according to Beer’s law as described in Arrigo et al. 146 

[1998] using the inherent optical properties typical of this ocean [Wang and Cota, 2003].   147 

 148 

2.2. Algorithm Input Data  149 

Chlorophyll a: Surface Chl a concentrations were determined from Level 3 (9 km resolution) 150 

SeaWiFS ocean color data (operational August 1997-present, distributed by 151 

http://oceancolor.gsfc.nasa.gov/) using the OC4v4 algorithm [O’Reilly et al., 1998].  The OC4v4 152 

Chl a algorithm is suitable for Case I waters where the optical properties are dominated primarily 153 

by Chl a.  However, we recognize that a large sediment load as well as CDOM from river 154 

discharge has the potential to alter these optical properties and impact Chl a retrievals.  Hence, to 155 

account for the influence of riverine sediments in coastal waters, primary production was 156 

quantified both by including and excluding questionable SeaWiFS pixels that were in proximity 157 

to the river discharge plumes (these pixels were flagged as being turbid in the SeaWiFS data).  158 
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Because exclusion of pixels associated with river discharge reduced the pan-Arctic primary 159 

production by less than 10%, all results reported here have had river-influenced pixels removed. 160 

In addition, SeaWiFS data for the Arctic Ocean are only available from March through 161 

September, after which the SeaWiFS sensor begins focusing its data collection and storage on 162 

more southerly waters.  Because irradiance is minimal outside this data collection period, the 163 

lack of SeaWiFS data at other times of year is likely to result in only a slight underestimate of 164 

annual primary production (<10%). 165 

Sea Surface Temperature:  Sea surface temperature (SST) is based on the Reynolds 166 

Optimally Interpolated SST (OISST) Version 2 product [Reynolds et al., 2002] obtained from 167 

NOAA (http://www.emc.ncep.noaa.gov/research/cmb/sst_analysis/). 168 

Open Water Area: Open water area was estimated from Special Sensor Microwave Imager 169 

(SSM/I) 37 and 85 GHz bands using the Polynya Signature Simulation Method (PSSM) 170 

algorithm [Markus and Burns, 1995] which allows determination of sea ice presence/absence at 171 

6.25 km resolution. A given pixel is defined as being ice covered wherever the sea ice 172 

concentration is greater than approximately 10%. 173 

All satellite remote sensing data were processed using Interactive Data Language (IDL).  The 174 

primary productivity algorithm was encoded using Fortran 77.  All computations were done at 175 

the High Productivity Technical Computing facility of Stanford’s Center of Computational Earth 176 

and Environmental Science, which is composed of a Sun Sparc cluster running Solaris 10. 177 

 178 

2.3. Defining Regions of Interest 179 

The Arctic Ocean is defined as all waters north of the Arctic Circle (66° 33’ 39”).  For the 180 

purpose of characterizing spatial differences, we divided the Arctic Ocean into eight geographic 181 

sectors and four open-water ecological regimes.  The geographic sectors were demarcated by 182 

longitude (Fig. 1a) and include the Chukchi (180° to 160°W), Beaufort (160°W to 100°W), 183 

Baffin (100°W to 45°W), Greenland (45°W to 15°E), Barents (15°E to 55°E), Kara (55°E to 184 

105°E), Laptev (105°E to 150°E), and Siberian (150°E to 180°) sectors.   185 
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The four ecological provinces include the pelagic, the shelf, the deep water marginal ice zone 186 

(DMIZ) and the marginal ice zone (MIZ) over the continental shelf (SMIZ).  All provinces vary 187 

in size over time due to continual changes in sea ice extent (Fig. 1b).  The ecological provinces 188 

were demarcated using a combination of sea ice distributions and bathymetric information.  The 189 

pelagic and shelf provinces are defined as those waters with depths of >220 m and ≤220 m, 190 

respectively (in accordance with the definition of the Arctic continental shelf by Walsh et al., 191 

2005), and that have remained ice-free for >14 consecutive days.  A pixel is considered part of 192 

the MIZ if it has been ice-free for ≤14 days [Arrigo et al., 2008].  If an MIZ pixel is located on 193 

the shelf, then it is defined as belonging in the SMIZ, otherwise it is defined as being part of the 194 

DMIZ.  The SMIZ and DMIZ together constitute the total Arctic Ocean MIZ. 195 

 196 

2.4. Algorithm Validation 197 

In the present study, we chose to use the surface Chl a concentrations produced from 198 

SeaWiFS data by the standard OC4v4 algorithm [O’Reilly et al., 1998] rather than the regional 199 

Arctic algorithm of Wang and Cota [2003].  This decision was based on a recent assessment by 200 

Matsuoka et al. [2005], who used measurements of in-water apparent optical properties and Chl 201 

a to show that the standard OC4v4 Chl a algorithm used with SeaWiFS data performs as well or 202 

better in Arctic waters than the algorithm of Wang and Cota [2003].  The two algorithms 203 

exhibited root mean square (RMS) errors between in situ and satellite-derived Chl a of 25% and 204 

30%, respectively. 205 

The best way to validate our primary production algorithm would be to compare algorithm-206 

derived production with in situ estimates of primary production made at the same time and 207 

location.  However, because of the small number of cloud-free images that correspond to 208 

available in situ measurements in the Arctic, this approach is not feasible.  Thus, to validate our 209 

primary production algorithm we assumed that retrievals of surface Chl a by SeaWiFS were 210 

reliable (in waters not influenced by river runoff) and then compared regressions of daily 211 



 9

primary production against surface Chl a produced by our algorithm to similar regressions 212 

generated from in situ Arctic data.   213 

In situ measurements of primary production and concurrent surface Chl a concentrations 214 

used in this analysis were obtained from Phase I and II of the Shelf Basin Interaction (SBI) 215 

program [http://www.eol.ucar.edu/projects/sbi/] conducted in the Chukchi and Beaufort sectors 216 

of our study area during 2002-2004.  The relationship between surface Chl a and daily primary 217 

production predicted by our algorithm for the SBI study region agrees well with the in-situ data, 218 

particularly in spring (Fig. 2a).  In summer, there are clear cases where the algorithm 219 

underestimates daily production at low surface Chl a concentrations (Fig. 2b).  These were 220 

stations with a particularly strong subsurface Chl a maximum [Hill and Cota, 2005], which was 221 

not detected by the SeaWiFS sensor.  Unfortunately, the prevalence of subsurface Chl a maxima 222 

in the Arctic Ocean is not well known so the significance of the problem cannot be adequately 223 

determined at this time. 224 

The relationship between surface Chl a and computed primary production is sensitive to the 225 

value used for the C:Chl a ratio.  A value of 90 produced the best agreement between algorithm-226 

derived and in situ primary production.  This is encouraging because 90 is similar to the C:Chl a 227 

ratio determined to be optimal for computing primary production in the Southern Ocean (88.5) 228 

using the same algorithm as that used here [Arrigo et al., 2008].  It is also well within the range 229 

of 25-100 reported for in situ C:Chl a measurements from the Arctic [Platt et al., 1982; Buck et 230 

al., 1998; Sakshaug, 2003].  Although the paucity of Arctic data makes it difficult to validate our 231 

algorithm across the full range of surface Chl a values that have been measured, our algorithm 232 

has been validated over a much larger range of Chl a concentrations and rates of daily primary 233 

production in the Southern Ocean [Arrigo et al., 2008], further supporting its use in northern 234 

polar waters. 235 

 236 
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3. Results 237 

3.1 Interannual Ice Dynamics 238 

3.1.1. Pan-Arctic  239 

During the 9-year period of interest (POI) of this study (1998-2006), the annual mean open 240 

water (ice-free) area in the Arctic Ocean exhibited a dramatic and statistically significant upward 241 

trend (R2=0.78, p= 0.002), increasing at the rate of ~0.07 × 106 km2 yr-1 (Fig. 3a).  This trend is 242 

consistent with earlier studies reporting a substantial loss of sea ice in recent decades, with Arctic 243 

ice cover decreasing by ~0.80 × 106 km2 (7.4%) between 1978 and 2002 [Johannessen et al.; 244 

1999; Cavalieri et al., 2003].  Open water area during the POI was at its nine-year low in 1998, 245 

averaging ~3.8 × 106 km2 over the year; the maximum annual mean open water area was attained 246 

in 2006, averaging 4.6 × 106 km2.  Although annual mean open water area in the Arctic increased 247 

by 19% between 1998 and 2006, this increase was not uniform throughout the year.  For 248 

example, during August-September (the peak open water season, Fig. 4a), open water area 249 

averaged 6.9±0.03 × 106 km2 during the POI, and increased by 11% between 1998 and 2006 250 

(Fig. 3c).  However, during May-June (the peak of the spring phytoplankton bloom), open water 251 

area averaged only 3.3±0.02 × 106, but the change over time was more pronounced than in 252 

summer, increasing by 26% between 1998 and 2006 (Fig. 3b).  This pattern reflects the fact that 253 

in recent years, Arctic sea ice has been retreating progressively earlier in the year.  254 

Recent increases in annual mean open water area in the Arctic are the result of changes in 255 

both the timing of sea ice advance and retreat (earlier retreat and later advance will result in 256 

higher annual mean open water area) and the maximum amount of open water area attained 257 

during the year.  For example, the relatively large annual mean open water area observed in 2002 258 

and 2005 were due mainly to the extensive open water area in summer.  On the other hand, open 259 

water area 2006 (the lightest sea ice year) was actually lower in the summer than it was in 260 

several of the preceding years (1999, 2002 and 2005) (Fig 3c).  However, the retreat of sea ice 261 

began relatively early in 2006 and the advance began later (Fig. 4a), more than compensating for 262 

the low summertime open water area.  The early retreat of sea ice in recent years appears to be 263 
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coupled with the higher early season SST, particularly in 2005 and 2006 (Fig. 4b).  The annual 264 

mean SST in the Arctic Ocean increased from -0.07°C in 1998 to +0.26°C in 2006.  265 

Unfortunately, it is not clear from these data whether higher SST led to the increase in open 266 

water area or vice-versa.  However, the peak in SST (Fig. 4b) correlates well with the timing of 267 

peak open water area (Fig. 4a), with the latter lagging the annual SST peak by approximately 20 268 

days.  269 

 270 

3.1.2. Geographic Sectors 271 

Among all geographic sectors, the Greenland and Barents had the largest annual mean open 272 

water area, averaging ~1.6±0.36 × 106 km2 and ~1.1±0.11 × 106 km2, respectively (Fig. 5) during 273 

the POI.  Whereas open water area in most sectors was reduced to near zero in winter, the 274 

Barents and Greenland sectors had significant amounts of permanently open water (Fig. 14c), 275 

which appears to have increased in the Barents sector in recent years.  The lowest annual mean 276 

open water area in the Arctic was observed in the Siberian and Laptev sectors, averaging only 277 

0.18±0.06 × 106 km2 and 0.22±0.06 × 106 km2, respectively.  Interannual differences in annual 278 

mean open water area were most dramatic in the Eurasian sectors, with the annual mean open 279 

water area in the Siberian, Laptev and Kara sectors being 206%, 134%, and 114% higher, 280 

respectively, in their lightest sea ice year than in their heaviest. 281 

Over the POI, the rate of change in open water area varied substantially by geographic sector 282 

(Fig. 5).  The Barents, Kara and Siberian sectors experienced greater absolute increases in open 283 

water area than any other sector, with the annual mean open water area increasing at a rate of 284 

25,047 km2 yr-1 (about 2% of the 1998 extent), 20,046 km2 yr-1 (about 10% of the 1998 extent), 285 

and 14,416 km2 yr-1 (about 30% of the 1998 extent), respectively, over the POI, although this 286 

increase was only statistically significant in the Siberian sector.  In other sectors, open water area 287 

increased at a rate of only ~5,000 km2 yr-1 (except for the Beaufort, where open water area 288 

decreased over time).  The relative increase in open water area was largest in the Siberian sector, 289 

increasing 276% between 1998 (0.05× 106 km2) and 2005 (0.19× 106 km2).  In terms of absolute 290 



 12

area, the Barents sector experienced the largest rise in open water area, increasing by 0.36 × 106 291 

km2 between 1998 and 2006.  Despite having the largest open water area of all the geographic 292 

sectors, changes in open water area in the Greenland sector were far less dramatic, with the 293 

minimum and maximum open water years (1998 and 2004, respectively) differing by only 7%.  294 

This small change is due to a large area of permanently open water within the pelagic province 295 

that has persisted throughout the POI.  Interestingly, open water area in the Beaufort sector 296 

actually dropped during the POI, decreasing by 178% over the 9-year study period, from a 297 

maximum area of 0.38 × 106 km2 in 1998 to a minimum of 0.12 × 106 km2 in 2001.  However, 298 

this trend was dominated by the large drop in ice cover between 1998 and 1999 (Fig. 5c).  Since 299 

then, interannual changes in open water area in the Beaufort have been small. 300 

 301 

3.1.2. Ecological Provinces 302 

3.1.2.1. Annual Mean Open Water Area 303 

Pelagic. The largest ecological province in the Arctic Ocean is the pelagic, encompassing an 304 

annual mean area of 2.16 ± 0.07 × 106 km2 during the POI (Fig. 5a).  In the Greenland and the 305 

Barents sectors, the pelagic province comprises 82% (1.34 × 106 km2) and 47% (0.53 × 106 km2), 306 

respectively, of the total open water area in these sectors (Fig. 5e and f).  The Baffin and 307 

Beaufort sectors also have significant pelagic provinces, covering 45% (0.18 × 106 km2) and 308 

25% (0.05 × 106 km2), respectively, of their total area during the POI (Figs. 5c and d). 309 

Shelf. The shelf province is the second largest ecological province in the Arctic Ocean with 310 

an annual mean open water area of 0.90 ± 0.1 × 106 km2 (Fig. 5a).  The two geographic sectors 311 

with the largest shelf province (in absolute area) were the Barents and Chukchi (Fig. 5b and f), 312 

where open water area averaged 0.37 × 106 km2 (32% of annual mean open water area in that 313 

sector) and 0.12 × 106 km2 (59% of annual mean open water area in that sector), respectively, 314 

during the POI.  Other geographic sectors with substantial shelf provinces were the Siberian, 315 

Laptev, and Kara sectors, where the shelf comprised 47% (0.05 × 106 km2), 46% (0.07 × 106 316 
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km2), and 39% (0.12 × 106 km2), respectively, of total open water area in their respective sectors 317 

during the POI.   318 

SMIZ. The area of the SMIZ province was slightly smaller than the shelf province, with an 319 

annual mean open water area of 0.70 ± 0.04 × 106 km2 (Fig. 5a).  Geographic sectors with a 320 

relatively large SMIZ include the Siberian, Laptev, Kara and Chukchi sectors, where the SMIZ 321 

was nearly as large as the shelf province, averaging 49% (0.05 × 106 km2), 44 % (0.06 × 106 322 

km2), 41% (0.12 × 106 km2) and 31% (0.06 × 106 km2), respectively, of total open water area 323 

during the POI.  The largest SMIZ in terms of absolute area was in the Barents sector, averaging 324 

0.16 × 106 km2, although it comprised only 14% of the total open water area in that sector. 325 

DMIZ. The DMIZ is the smallest of the four ecological provinces, averaging just 0.43 ± 0.04 326 

× 106 km2 over the POI (Fig. 5a).  The DMIZ was largest in the Greenland sector, where it 327 

averaged 0.19 × 106 km2, nearly 50% of the total DMIZ area of the Arctic.  This province was 328 

also relatively large in the Beaufort sector (0.08 × 106 km2), where it comprised 27% of the open 329 

water area, and in the Barents (0.05 × 106 km2) and Baffin sectors (0.07 × 106 km2) where it 330 

comprised 17% of open water area.  331 

 332 

3.1.2.2. Changes Over Time 333 

Annual cycle. Open water area in the pelagic province of the Arctic Ocean typically increases 334 

from a winter low of 1.2-1.7 × 106 km2 (range reflects values for different years) to a peak of 3.2-335 

3.6 × 106 km2 some time between late August and late October (Fig. 6).  Winter ice cover is 336 

much heavier in the other ecological provinces, such as the shelf, where open water area 337 

increased by an order of magnitude from a January minimum of only 0.12-0.30 × 106 km2 to a 338 

maximum of 2.4-3.4 × 106 km2 in early September to late October.  The open water area in the 339 

SMIZ and DMIZ increased even more dramatically, rising seasonally by two orders of 340 

magnitude, from a low of 0.02-0.09 × 106 km2 and 0.01-0.07 × 106 km2, respectively, in January 341 

to a peak of 2.1-2.6 km2 and 1.2-2.5 × 106 km2, respectively, during the peak open water period 342 
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(mid-July to early September).  The length of the open water period in the shelf, SMIZ, and 343 

DMIZ provinces were in general shorter than that of the pelagic province.   344 

Interannual trends. The annual mean open water area in the pelagic province of the Arctic 345 

increased annually at a rate of 0.17 × 106 km2 yr-1 (R2= 0.42) between 1998 and 2006, although 346 

this increase is not statistically significant (p=0.06, Table 1).  Although smaller in area, the 347 

secular increase in annual mean open water area during the POI in both the shelf and the SMIZ 348 

provinces was significant, increasing annually at a rate of 0.05 × 106 km2 yr-1 (R2 = 0.77, 349 

p=0.002) and 0.01 × 106 km2 yr-1 (R2 = 0.55, p=0.02), respectively (Table 1).  Secular increases 350 

in open water area were most dramatic in the shelf and the SMIZ zones of the Siberian sector 351 

(Table 1), increasing at a rate of 0.010 × 106 km2 yr-1 (R2 = 0.64, p=0.01) and 0.004 × 106 km2 yr-352 
1 (R2 = 0.75, p=0.02), respectively, during the POI (Table 1).  These changes in the Siberian 353 

sector represent a 9-fold increase in open water area (from a minimum of 0.012 × 106 km2 in 354 

1998 to maximum of 0.110 × 106 km2 in 2005) in the shelf and a 2-fold increase (from a 355 

minimum of 0.033 × 106 km2 in 1998 to maximum of 0.067 × 106 km2 in 2005) in the SMIZ 356 

province between 1998 and 2006 (Fig 5i).  Apart from these regions, there was no significant 357 

secular increase in open water area within the ecological provinces of any geographic sector of 358 

the Arctic during the POI (Table 1). 359 

 360 

3.2. Primary Production 361 

3.2.1. Pan-Arctic Primary Production 362 

Phytoplankton dynamics in the Arctic Ocean are characterized by an initial spring bloom in 363 

April-May, and in some years, a subsequent summer bloom during July-August (Fig. 7a).  364 

Between these two blooms, mean surface Chl a concentrations in the Arctic remain relatively 365 

high, generally exceeding 1.5 mg m-3.  Surprisingly, the summer bloom was the more prominent 366 

of the two blooms during the first half of the POI (1998-2001), with the mean Chl a 367 

concentration during summer bloom being comparable to or even exceeding that measured 368 

during spring.  Between 2002 and 2004, this pattern was reversed, with Chl a concentrations in 369 
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spring exceeding those in both summer and autumn.  However, in the two most recent years, the 370 

intensity of the summer bloom had again increased, with Chl a concentrations eclipsing those of 371 

the spring bloom in both 2005 (by a large margin) and 2006 (only slightly).   372 

The daily rate of area-normalized production over the entire Arctic basin during the POI 373 

averaged 420±26 mg C m-2 d-1 during the phytoplankton growing season from March through 374 

September.  Rates were highest in 2006 and 2001, averaging 474 and 447 mg C m-2 d-1, 375 

respectively (Fig. 7a).  The mean daily rate of area-normalized production was lowest in 1999 at 376 

393 mg C m-2 d-1.  The daily rate of area-normalized production peaked during the May-June 377 

period (Fig. 7c), correlating well with surface Chl a (Fig. 7a) during the spring bloom when the 378 

amount of PAR incident on the sea surface is relatively high (Fig. 7b).  Despite occasionally high 379 

Chl a concentrations (Fig. 7a), daily area-normalized rates of production (Fig. 7c) were 380 

consistently lower during the summer months because of the dwindling irradiance characteristic 381 

of this time of year (Fig. 7b).  382 

Although daily production in August-September (360±33 mg C m-2 d-1) was lower than in 383 

May-June (659±39 mg C m-2 d-1), the August-September values have a disproportionate impact 384 

on annual primary production (Fig. 7d) because they coincide with the annual peak in open water 385 

area (Fig. 4a).  For instance, 2001 exhibited the highest August-September rates of area-386 

normalized production of any year except 2006 (Fig. 7c).  Because this high rate of area-387 

normalized production coincided with the annual peak in open water area, annual production in 388 

2001 was among the highest of any year during the POI (Fig. 8a), even though open water area 389 

was below average (Fig. 3a).  On the other hand, high rates of area-normalized production in 390 

May-June do not necessarily translate into high annual area-integrated production.  For example, 391 

in 2003, a high daily rate of area-normalized production during May led to high total production 392 

during this month (Fig. 7d), but the annual production was still relatively low (Fig. 8a) because 393 

of depressed August-September values (Fig. 7c).  In 2006, the relatively high open water 394 

conditions earlier in the year (Fig. 4a), coupled with a high area-normalized primary production 395 
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rate (Fig. 7c), led to high total production throughout the productive period of the year (Fig. 8b), 396 

and therefore the highest annual production (Fig. 8a) during the POI.  397 

Annual pan-Arctic primary production averaged 419±33 Tg C yr-1 during 1998-2006 (Fig. 398 

8a), with an interannual variability of 26% [(max-min)/mean].  Annual production peaked in 399 

2006 at 483 Tg C yr-1 and was lowest in 1998 at 375 Tg C yr-1.  Overall, total Arctic primary 400 

production increased during 1998-2006, but not significantly (R2=0.4, p=0.07), increasing each 401 

year by an additional 7.62 Tg C yr-1.  The relatively low coefficient of determination (R2) 402 

between annual primary production and year is due to a period of decreased production between 403 

2001 and 2003.  This transient decrease in annual production is largely attributable to a drop in 404 

productivity during the months of August-September between 2001 and 2004 (Fig. 8c).  While 405 

total production during the two months of the spring bloom (May-June) (Fig. 8b) exhibited a 406 

markedly increasing temporal trend, rising at the rate of 4.57 Tg C yr-1 (R2=0.6, p=0.01), there 407 

was no significant interannual trend in production during the period of maximum open water 408 

area (August-September) (Fig. 8c).   409 

 410 

3.2.2. Geographic Sectors 411 

Annual primary production in the Arctic varied widely between geographic sectors (Fig. 9).  412 

The two largest sectors, the Greenland and Barents, also were the most productive (Figs. 9e and 413 

f), averaging ~133 Tg C yr-1 and 108 Tg C yr-1, respectively.  Even though the Greenland and 414 

Barents sectors did not have the highest area-normalized production rate, the large seasonal and 415 

perennial open water area in these regions (Fig. 5) resulted in high total annual production.  Most 416 

of the other geographic sectors exhibited much lower rates of annual production during the POI, 417 

generally in the range of 25-50 Tg C yr-1.  Annual production was lowest in the Siberian sector, 418 

which averaged only ~17.8 Tg C yr-1 during the POI (Fig. 9i).   419 

The degree of interannual variability in annual primary production also was quite high 420 

between sectors (Fig. 9).  The Greenland sector exhibited the least amount of variability (Fig. 421 

10e), as determined from its low coefficient of variation (CV=standard deviation/mean) of 0.05.  422 
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The Baffin, Barents, and Chukchi sectors exhibited an intermediate amount of interannual 423 

variability, with CVs for annual primary production all ranging from 0.10 to 0.15.  The highest 424 

amount of interannual variability was observed in the Beaufort, Kara, Laptev, and Siberian 425 

sectors, which had CVs in the range of 0.24-0.29.  In most sectors, yearly changes in annual 426 

primary production (Fig. 9) can be explained by interannual changes in sea ice cover (Fig. 5), 427 

with most geographic sectors exhibiting a significant correlation between these two quantities 428 

(Table 2).  In fact, the sectors with the highest correlation between annual production and open 429 

water area (Beaufort, Barents, Kara, Laptev, and Siberian) were also the sectors with the highest 430 

degree of interannual variability in annual primary production.  The unusually slight variation in 431 

annual production in the Greenland sector and the lack of a relationship with open water area 432 

was most likely due to the presence of a large area of permanently open water that varied little 433 

interannually. 434 

The Siberian was the only Arctic sector that exhibited a significant increase in annual 435 

primary production during the POI (R2 = 0.6, p=0.009), rising each year at the rate of 1.7 Tg C 436 

yr-1 (Table 3).  Most other sectors displayed either no obvious temporal trend between 1998 and 437 

2006 or a slight, but non-significant increase (Fig. 9).  The Beaufort was the only sector where 438 

annual production actually decreased during the POI, falling each year at a rate of 1.5 Tg C yr-1 439 

(R2 =0.4, p=0.059).  However, this negative trend was not statistically significant, being driven 440 

primarily by large decreases in production during the first two years of the POI (Fig. 9).  441 

Between 2000 and 2006, annual production in the Beaufort remained relatively constant.   442 

 443 

3.2.3. Ecological Provinces 444 

3.2.3.1. Pelagic 445 

Among the ecological provinces of the Arctic, total annual production was highest in the 446 

pelagic province (Fig. 9a), averaging 154 ± 13 Tg C yr-1 during the POI, which constituted 34-447 

40% of pan-Arctic annual primary production.  The high annual production in this province is 448 

due to its large open water area, accounting for ~52% of the average open water area in the entire 449 
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Arctic basin over a year.  The pelagic province was the dominant contributor to annual 450 

production in the Greenland and the Barents sectors (Figs. 9e and f), where it accounted for 75% 451 

(98 Tg C yr-1) and 35% (37 Tg C yr-1), respectively, of total annual production.  There was no 452 

significant temporal trend in annual production in the pelagic province, either for the entire 453 

Arctic Ocean or within individual geographic sectors.  The area-normalized production rate in 454 

the pelagic province was lower than that of the shelf and the SMIZ provinces (Fig. 10), 455 

averaging 348±22 mg C m-2 d-1, and exhibiting no interannual trend during the POI.  The area 456 

normalized production rate in the pelagic province reached its yearly maximum of 781-1016 mg 457 

C m-2 d-1 between April and mid-July (Fig. 10). 458 

 459 

3.2.3.2. Shelf 460 

Annual primary production in the shelf province averaged 86 ± 14 Tg C yr-1 during the POI 461 

(Fig. 9a), contributing 16-24% of pan-Arctic production.  The shelf province was particularly 462 

important in the Barents, Kara, and Chukchi sectors (Fig. 9), where it accounted for 31% (33±8 463 

Tg C yr-1), 32% (12±4 Tg C yr-1), and 41% (10±2 Tg C yr-1), respectively, of annual primary 464 

production in these sectors. 465 

The shelf exhibited the largest temporal increase in annual production of all the ecological 466 

provinces over the POI (R2= 0.44, p=0.052), increasing each year by an average of 3.5 Tg C yr-1 467 

(Fig. 11a).  Although the 9-year trend was not statistically significant, increases in primary 468 

production were particularly dramatic for the last two years of the POI, exceeding 1998 levels by 469 

70% and 63%, respectively, in 2005 and 2006.  This increase was primarily due to a large and 470 

statistically significant (Table 1) increase in open water area in this province but also to a smaller 471 

(but not significant) increase in the daily area-normalized rate of production (Fig. 11a).  Open 472 

water area in the shelf province increased from 0.66 × 106 km2 in 1998 to 1.13 × 106 km2 (in 473 

2005) and 1.09 × 106 km2 (in 2006), an increase of 71% and 64%, respectively.  In contrast, the 474 

area-normalized production rate increased by 3.5% in 2005 and 24% in 2006, relative to the 475 

1998 value.  The area-normalized rate of production in the shelf province during the spring 476 
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bloom was the highest of all the other ecological provinces, averaging 790-1308 mg C m-2 d-1 477 

(Fig. 10). 478 

 479 

3.2.3.3. SMIZ 480 

Total annual production in the SMIZ was the second largest of all the ecological provinces 481 

(Fig. 9a) and was comparable to that in the pelagic province, averaging 132 ± 6.0 Tg C yr-1 482 

during the POI and representing 28-33% of the Arctic Ocean annual primary production.  This 483 

was despite the fact that the SMIZ comprised on average only ~16% of the open water in the 484 

Arctic Ocean over a year.  There was no significant interannual trend for total annual production 485 

in the SMIZ over the POI (R2= 0.2, p=0.21, Table 3).  The SMIZ province was particularly 486 

important in the Kara, Laptev and Siberian sectors, where it contributed >60% (>15 Tg C yr-1) of 487 

annual primary production (Fig. 9).  The SMIZ was the dominant province in the Chukchi, 488 

Beaufort, and Baffin sectors as well, accounting for 53% (14 Tg C yr-1), 48% (10 Tg C yr-1), and 489 

35% (16 Tg C yr-1) of sector-wide production, respectively.  490 

The high total annual production in the SMIZ resulted from an area-normalized production 491 

rate that was higher than in any other ecological province, averaging 579± 42 mg C m-2 d-1 over 492 

the POI and reaching as high as 982-1174 mg C m-2 d-1 during the peak of the spring bloom (Fig. 493 

10).  The dominance of SMIZ persisted for most of the year, except during April-May when it 494 

was eclipsed by the daily production rate in the shelf province.  The area-normalized production 495 

rate was highest in 2001 and 2006, averaging 650 and 606 mg C m-2 d-1, respectively. 496 

 497 

3.2.3.4. DMIZ 498 

Annual production in the DMIZ was the lowest of all the ecological provinces (Fig. 9) and 499 

displayed no significant temporal trend during the POI (Table 3).  With annual production rates 500 

averaging 47 ± 12 Tg C yr-1 (Fig. 9a), the DMIZ contributed just 9.6-13% of annual primary 501 

production in the Arctic Ocean.  This low value was due more to a small amount of open water 502 

area in this province than to low area-normalized production rates, which were similar to those in 503 
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the pelagic province, averaging 347 ± 32 mg m-2 d-1 over the POI.  Rates of area-normalized 504 

production were highest in 2001 and 2006, exhibiting values of 377 and 379 mg m-2 d-1, 505 

respectively (Fig. 10). 506 

The DMIZ province was most productive in the Greenland sector (Fig. 9), contributing 18 Tg 507 

C yr-1 or 14% of total annual production in this sector.  Although the DMIZ accounts for a higher 508 

proportion of annual production in the Beaufort (25%) and Baffin (21%) sectors, total DMIZ 509 

production there (5 and 9 Tg C yr-1, respectively) was considerably less than in the Greenland 510 

sector.   511 

 512 

3.2.3.5. Total Shelves 513 

Despite accounting for only 30-40% of total open water area, the combined annual 514 

production of the two provinces associated with the shallow waters of continental shelf, the shelf 515 

and SMIZ provinces, contributed the majority of annual primary production in the Arctic (Fig. 516 

9).  Over the entire Arctic Ocean, the annual mean production in the waters of the shelf and 517 

SMIZ combined (217 Tg C yr-1) exceeded the production of the offshore waters of the pelagic 518 

and the DMIZ provinces (201 Tg C yr-1).  Primary production on the continental shelves was 519 

particularly important in the Chukchi, Siberian, Laptev, and Kara sectors, where the SMIZ+shelf 520 

accounted for 90% or more of annual production.  521 

 522 

3.2.4. Controls of Primary Production 523 

In general, the spatial pattern of annual primary production (Fig. 12a) most closely mimics 524 

that of Chl a over most of the Arctic Ocean (Fig. 12b).  Of course the high correlation between 525 

primary production and Chl a concentration (Fig. 13a) is to be expected, given that our algorithm 526 

computes primary production from Chl a and an estimate of the phytoplankton growth rate (Eq. 527 

2).  While SST also plays an important role, the large amount of spatial and temporal variability 528 

exhibited by Chl a, which can range over four orders of magnitude, far outweighs the relatively 529 

smaller variability characteristic of SST.  For example, primary production anomalies (Fig. 14), 530 
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calculated as the difference between the annual mean for a single year and the nine-year mean 531 

(Fig. 12a), are largest (±80 g C m-2 yr-1) in waters with high Chl a variability (Fig. 15).  532 

Because phytoplankton blooms require ice-free surface waters in order to obtain sufficient 533 

light for net growth, primary production also is positively correlated with open water area in 534 

most sectors of the Arctic Ocean (Fig. 13b).  The higher rates of primary production in the Arctic 535 

in recent years are reflected in large and widespread positive primary production anomalies, 536 

particularly in 2005 and 2006 (Fig. 14), that correspond to strong positive open water anomalies 537 

(Fig. 16).  In 2006, annual primary production was >60 g C m-2 yr-1 higher than the 9-year 538 

average (Fig. 12a) in some parts of the Barents, Kara, and Greenland sectors.  While 539 

anomalously high rates of production in 2005 and 2006 were due in part to unusually high Chl a 540 

concentrations (Fig. 15), open water conditions in some regions persisted for >150 days longer 541 

than average (Fig. 16), greatly extended the length of the phytoplankton growing season.  In the 542 

Siberian sector, where open water area increased significantly during the POI, the changes in 543 

production also were positive, although modest (20-40 g C m-2 yr-1), especially since 2002.  This 544 

increase resulted from both higher Chl a concentrations and open water area in these waters after 545 

2003.  The negative primary production anomalies (<-60 g C m-2 yr-1) in the Barents and Kara 546 

sectors in 2003 were mainly due to anomalously low Chl a concentrations, since open water area 547 

in these regions differed little from other years.  548 

Primary production was positively correlated with SST (Fig. 13c) in all sectors except the 549 

Greenland.  The positive correlation of SST with primary production is due both to direct effects 550 

of SST on phytoplankton growth rates (Eq. 2) and indirect effects of SST on surface water 551 

stratification, impacting both light and nutrient availability.  It is interesting to note that the 552 

correlation between SST and annual primary production (Fig. 13c) is spatially similar to the 553 

correlation between open water area and annual primary production (Fig. 13b), indicating that 554 

the correlation between the SST and open water area is also high.  555 

 556 
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4. Discussion 557 

4.1. Comparison with Previous Results 558 

Unfortunately, there are very few historical estimates of pan-Arctic primary production with 559 

which to compare our results.  Subba Rao and Platt [1984] estimated that the annual rate of 560 

Arctic-wide primary production for all waters north of 65°N was 206 Tg C yr-1, approximately 561 

half the mean value estimated here (419 Tg C yr-1).  Because the study region in Subba Rao and 562 

Platt [1984] was slightly larger area than that used here, the primary reason for the discrepancy 563 

between the two values is that their estimate of mean area-normalized production for the Arctic 564 

(9-27 g C m-2 yr-1) was considerably lower than ours (44 g C m-2 yr-1).  However, our value is in 565 

much better agreement with the much more recent pan-Arctic productivity estimate of 329 Tg C 566 

yr-1 made by Sakshaug [2003], which was based on a compilation of both historical 567 

measurements and model results.  The computed annual primary production in the early years of 568 

our study is within 10% of the estimate of Sakshaug [2003].  This early period should bear a 569 

greater similarity to the historical observations compiled by Sakshaug [2003], which were made 570 

prior to the rapid increase in open water area observed recently.  In later years (e.g., 2006), our 571 

estimate of production is 50% higher than that of Sakshaug [2003], due mostly to the dramatic 572 

increases in open water area but also to the slight increase in daily area-normalized production 573 

rates.  574 

Annual rates of primary production computed here are likely to be underestimates of actual 575 

rates because, due to insufficient spatial resolution of satellite data, we are unable to quantify 576 

primary production in the leads and melt ponds within the Arctic sea ice zone that are known 577 

sinks for atmospheric CO2 [Semiletov et al., 2004]. Furthermore, the primary production 578 

algorithm does not account for production by phytoplankton growing under sea ice and by sea 579 

ice algae, although this is likely to represent only a small fraction of total Arctic primary 580 

production.  Most importantly, calculated rates of primary production in the summer may be low 581 

because of the subsurface chlorophyll maximum (SCM) that occasionally develops offshore and 582 

is unresolved by SeaWiFS [Falk-Peterson et al., 2000; Hill and Cota, 2005; Matrai et al., 2007].  583 
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In some areas, productivity is highest at the ocean surface despite the presence of a SCM [e.g. 584 

Matrai et al., 2007], suggesting that these SCMs were the result of an increase in phytoplankton 585 

Chl a per cell with depth, rather than an actual subsurface peak in phytoplankton abundance.  In 586 

these waters, our algorithm should still work quite well.  However, in those situations where the 587 

depth of the SCM corresponds to the depth of the productivity peak [e.g. Hill and Cota, 2005], 588 

depth-integrated water column production calculated by our algorithm is well below the in situ 589 

estimate.  For example, Hill and Cota [2005] observed numerous stations with a SCM in the 590 

western Arctic.  Surface Chl a at these stations averaged 0.4 mg m-3, while the Chl a 591 

concentration at the depth of the SCM averaged 2.5 mg m-3.  The depth-integrated primary 592 

production for these stations averaged approximately 600 mg C m-2 d-1, well above the range of 593 

values produced by our algorithm for a surface Chl a concentration of 0.4 mg m-3 (Fig. 2b).  The 594 

prevalence of subsurface productivity maxima missed by SeaWiFS and their impact on annual 595 

primary production estimates is unclear.  Approximately 25% of the July-August stations shown 596 

in Fig. 2b exhibited a significant subsurface productivity maximum that was not accounted for 597 

by our algorithm.  Given that July and August account for approximately 40% of annual primary 598 

production (Fig. 7d), if our algorithm underestimated primary production over 25% of the Arctic 599 

Ocean during these two months by as much as a factor of two, then the actual annual production 600 

would be only 10% higher than we have estimated here. 601 

 602 

4.2. Temporal Changes in Primary Production 603 

Between 1998 and 2006, annual primary production in the Arctic Ocean increased by ~30%, 604 

in sharp contrast to lower latitudes where primary production appears to have declined in recent 605 

years [Behrenfeld et al., 2006].  Changes in primary production in the Arctic also differed 606 

markedly from trends observed in the Southern Ocean, where rates of annual production between 607 

1997 and 2006 were ~5-fold higher than those estimated here, but with much less interannual 608 

variability (11% versus 26% for the Arctic) and no significant temporal trend. 609 
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However, the change in annual primary production in the Arctic between 1998 and 2006 was 610 

not monotonic (Fig. 8a), increasing in the early years of the POI (1998 to 2001), decreasing 611 

thereafter until 2003, and then rising again to the maximum value attained during the POI in 612 

2006 (483 Tg C yr-1).  Because of this irregular temporal pattern, the secular trend in annual 613 

primary production was not statistically significant (R2=0.4, p=0.07).  In contrast, the amount of 614 

open water area, which is a major factor controlling annual primary production, did exhibit a 615 

statistically significant increase between 1998 and 2006 (Fig. 3a).  This difference suggests that 616 

the temporal trends observed in primary production were driven in large part by interannual 617 

changes in the rate of area-normalized production, rather than by changes in sea ice extent.  For 618 

example, the local maximum in annual primary production in 2001 was the result of both higher 619 

than normal phytoplankton biomass and higher area-normalized rates of production during the 620 

late summer bloom of that year, despite open water area being relatively low (Fig. 3a).  The 621 

cause for this increase can clearly be seen by closer inspection of the primary production 622 

anomaly in 2001 (Fig. 14), which shows that elevated production in the Barents and Kara sectors 623 

coincided with a highly positive Chl a anomaly in these regions (Fig. 15), but with no 624 

discernable changes in the open water area (Fig. 16) or SST (Fig. 17).  Similarly, the drop in 625 

annual production between 2001 and 2003, despite a slight increase in open water area, was 626 

closely tied to a coincident drop in area-normalized production in all four of the ecological 627 

provinces in the Arctic Ocean (Fig. 11).  Thus, changes in total production in the Arctic were not 628 

simply a consequence of increased open water area in recent years; changes in phytoplankton 629 

biomass and area-normalized production also played important roles.  This was especially true in 630 

2005 and 2006 when both the area-normalized rate of production and open water area were at or 631 

near their nine-year highs, elevating 2006 to the most productive year of the POI.   632 

Although the precise cause of the observed interannual variation in area-normalized 633 

production is not clear, changes taking place in the Greenland Sea, particularly from 2004-2006, 634 

may provide some clues.  Over most of the Arctic, we observed a strong positive correlation 635 

between annual mean SST and annual primary production (Fig. 13c).  The major exception to 636 
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this pattern is found in those parts of the Greenland Sea that remain ice-free all year (red areas in 637 

Fig. 12c).  In these waters, positive SST anomalies (Fig. 17) coincided with negative primary 638 

production anomalies (Fig. 14), resulting in an atypical negative correlation between SST and 639 

annual primary production (Fig. 13c).  The temperature of these waters is known to be especially 640 

sensitive to the phase of the Arctic Oscillation (AO) [Wanner et al., 2001].  As the AO becomes 641 

more positive, westerly winds strengthen, northward advection of North Atlantic waters 642 

increases, and waters in the western Greenland Sea cool [Thompson and Wallace, 1998].  As can 643 

be seen in our study, a cooler Greenland Sea is associated with enhanced Chl a concentrations in 644 

these waters and positive annual primary production anomalies.  This pattern is particularly 645 

evident from 2004 through 2006, when cooling of the open waters of the Greenland Sea (Fig. 17) 646 

was associated with a marked increase in both Chl a (Fig. 16) and primary production (Fig. 14).  647 

Although the mechanism behind the elevated production in a cooler Greenland Sea is not 648 

presently known, the increased northward advection of North Atlantic water during positive 649 

phases of the AO may enhance the flux nutrients into the Greenland Sea that stimulate the 650 

growth of phytoplankton and increase annual primary productivity. 651 

It should be noted, however, that the temporal pattern of annual pan-Arctic primary 652 

production was not well correlated with the AO index (data from the NOAA climate monitoring 653 

center, http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao_index.html), 654 

averaged either annually (R2=0.016, p=0.74) or only over the more critical winter months 655 

(November-April, R2=0.013, p=0.77).  However, the AO is most highly correlated with annual 656 

primary production in the Greenland Sea, by far the most productive sector of the Arctic Ocean 657 

(Fig. 9), although even there it explains only 29% of the interannual variability (p=0.12) between 658 

1998 and 2006.  This lends support to the notion that increased advection of waters into the 659 

Greenland Sea during a positive phase of the AO could play an important role in enhancing 660 

phytoplankton productivity.  It must be remembered, however, that the AO is complex and does 661 

not actually exist in two quasi-stable states (positive or negative), as was suggested by the simple 662 

description given above.  Instead, the AO is highly dynamic and can vary markedly on monthly 663 
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time scales.  Thus, it is not surprising that the correlation between annual primary production and 664 

the AO is relatively weak, even in the Greenland Sea where its impacts are expected to be most 665 

apparent. 666 

 667 

4.3. Recent Loss of Sea Ice 668 

The results presented in this study show that during 1998-2006, the loss of sea ice (and 669 

increase in open water area) was not uniform across the Arctic, being more pronounced in some 670 

geographic sectors than in others.  Open water area increased most rapidly in the Barents and 671 

Kara sectors, and most significantly in the Siberian sector.  The observed decrease in sea ice in 672 

these sectors is consistent with the previously documented decreasing trend in ice thickness 673 

between 1987 and 1999 by Rothrock et al. [2003].  The dramatic loss of sea ice in the Siberian 674 

sector is particularly alarming because model results demonstrate that changes in the Siberian 675 

Sea can be a precursor to basin-wide changes in sea ice thickness [Rothrock et al., 2003; Ukita et 676 

al., 2007].  Our study shows that the rate of loss of sea ice in these waters has been accelerating 677 

in recent years, particularly since 2003.   678 

The accelerated changes of sea ice extent and thickness in the Arctic are due to multiple 679 

factors.  Foremost is the loss of ice due to wind stress changes that increase the advection of sea 680 

ice out of the Arctic [Zhang et al., 2000; Holloway and Sou 2002].  This impact can be amplified 681 

by increased melting and a longer melt-season, resulting in a positive feedback on sea ice loss 682 

[Smith et al., 1998; Laxon et al., 2003].  The rate of sea ice melt also may be accelerated by the 683 

observed increase in water temperature in recent years.  This temperature increase has been 684 

attributed to a combination of warmer Pacific waters entering through the Bering Strait 685 

[Fukasawa et. al., 2004; Shimada et al., 2006] and a rise in downward longwave radiation 686 

[Francis and Hunter, 2006] resulting from increase in liquid-water clouds relative to ice clouds 687 

[Zuidema et al., 2005; Francis and Hunter, 2006].  Consistent with this viewpoint, Serreze et. 688 

al.[2003] suggested that the recent changes in Arctic sea ice cover, particularly the low sea ice 689 

extent in 2002, were due to increased advection of heat into the Arctic Ocean during spring, 690 
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coupled with high temperature and low pressure in summer that was affected by the cyclogenesis 691 

along northeastern Eurasia.  In contrast, Rigor et al. [2002] and Rigor and Wallace [2004] argue 692 

that anomalous changes in sea ice are due to winter wind anomalies associated with the high-693 

index AO conditions that increase the advection of ice away from the Eurasian and Alaskan 694 

coasts.  Regardless of the relative importance of meteorological conditions in the winter and 695 

spring, losses of Arctic ice have been extensive in recent years, exemplified by the dramatic 30% 696 

decrease between 2006 and 2007 in the extent of perennial sea ice during the summer [Comiso et 697 

al, 2008]. 698 

 699 

4.4. Other Environmental Changes in the Arctic 700 

Primary production in the Arctic is likely to vary in response to changes in a number of other 701 

environmental factors that influence the onset and development of phytoplankton blooms, 702 

including PAR at the upper ocean surface, nutrient inventories, and freshwater content.  For 703 

example, mean Arctic-wide PAR exhibited a slow but steady decrease during the POI, dropping 704 

each year by an average of 0.7 µEin m-2 s-1 (R2=0.74).  PAR was highest in 1999 (annual mean 705 

of 201 µEin m-2 s-1) and lowest in 2006 (annual mean of 195 µEin m-2 s-1).  Using our primary 706 

production algorithm, we calculate that the observed 3% decrease in PAR between 1999 and 707 

2006 should translate into in a 1% decrease in annual primary production.   708 

More importantly, there has been a significant rise in freshwater content in the Arctic due to 709 

melting of sea ice and glaciers, excess precipitation, and increasing river discharge [Peterson et. 710 

al., 2002].  The rise in river discharge is due primarily to increased runoff from Asian rivers, 711 

which currently adds 2560 km3 of freshwater to the Arctic Ocean each year, an increase of 5% 712 

over the mean from the previous 20 years [Richter-Menge et. al., 2006].  Discharge from the 713 

Yukon and Mackenzie rivers in recent years also was higher than normal [Richter-Menge et. al., 714 

2006], most likely due to an increase in net excess precipitation over evaporation (P-E) at high 715 

latitudes [Peterson et al., 2002].  Enhanced melting of glaciers [Dyurgherov and Carter, 2004] 716 

and the Greenland ice sheet [Box et al., 2004] further contributed to the recent increase in 717 
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freshwater content of the Arctic.  Finally, the contribution of freshwater from melting sea ice in 718 

the Arctic increased from 8000 km3 in 1980 to 17,000 km3 in 1997 [Peterson et al., 2006].  719 

These changes in Arctic freshwater input, especially from river runoff (which also contributes 720 

substantial amounts of sediment and organic matter), alter the availability of both nutrients and 721 

light necessary for phytoplankton growth.  Increasing freshwater content intensifies surface 722 

stratification, thereby decreasing the thickness of the upper mixed layer, increasing light 723 

availability and partially offsetting the drop in irradiance due to increased turbidity and decreases 724 

in incident PAR.  On the other hand, increased stratification would likely reduce the supply of 725 

nutrients from the deeper waters beneath the mixed layer, decreasing phytoplankton growth and 726 

productivity.   727 

While increasing air temperature appears to have governed the processes of excess river 728 

discharge and accelerated sea ice melt in recent years, the P-E anomaly seems to be more closely 729 

tied to the changes in the AO [Peterson et al., 2006].  Steele and Ermold [2004] report 730 

considerable freshening of the western Siberian shelf sea (White Sea and Kara Sea) and 731 

salinification of the eastern Siberian shelf seas.  Fresh water tends to accumulate in the Arctic 732 

Ocean during the negative phase of the AO and subsequently exits to the North Atlantic during 733 

the positive AO phase [Dickson, 1999].  However, the poor correlation we report between the 734 

AO index and both phytoplankton biomass and primary production in the Arctic suggests that 735 

these oceanographic manifestations of the AO may be very localized or may operate on 736 

timescales or at times of year that reduce their impact on phytoplankton productivity in the 737 

Arctic.  The AO seems to exert its greatest influence during the coldest part of the year 738 

(November-April), when low light conditions preclude phytoplankton growth.  The extent to 739 

which stratification intensified by a negative AO persists into the spring and summer may 740 

ultimately determine its impact on rates of primary production. 741 

 742 
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4.5. Future Changes in Arctic Ocean Phytoplankton Productivity 743 

The increase in the flux of CO2 from the atmosphere into the Arctic Ocean has tripled over 744 

the last 3 decades (from 24 to 66 Tg C yr-1) [Bates et al., 2006].  This increase is attributed to the 745 

recent loss of sea ice that facilitated both increased primary production and sea-air CO2 746 

exchange.  The recent increase in primary production reported here should further enhance this 747 

exchange, due to the reduction in surface water pCO2 during the conversion of inorganic CO2 to 748 

organic carbon by phytoplankton that eventually sinks below the thermocline.  Although it has 749 

been calculated that outgassing of CO2 will increase by 8 g C m-2 yr-1 for every 1ºC increase in 750 

sea surface temperature [Anderson and Kaltin, 2001], the biologically-mediated decrease in 751 

surface pCO2 should partially offset the increased outgassing of CO2 expected as Arctic surface 752 

waters warm in upcoming years.  In fact, it has been suggested that when anticipated changes in 753 

CO2 solubility (due to changes in both temperature and salinity) and phytoplankton production 754 

are taken into account, the potential for the Arctic Ocean to act as a sink for atmospheric CO2 755 

will increase in the future [Anderson and Kaltin, 2001].  However, longer-term observations are 756 

required to understand the extent to which primary production will be either intensified or 757 

weakened by the many concurrent environmental changes ongoing in the Arctic Ocean (e.g., 758 

declines in sea ice cover, increased SST, increased freshwater fluxes, changes in nutrient and 759 

light availability).  In addition, although our study quantifies large-scale changes in the primary 760 

production of northern polar seas, it is unable to address any ongoing taxonomic changes within 761 

the phytoplankton community within the Arctic Ocean [Booth and Horner, 1997] as a 762 

consequence of observed environmental changes.  Finally, further studies are required to 763 

quantify the extent to which the negative feedback between losses of sea ice and increased 764 

biological CO2 uptake in the Arctic (which would reduce atmospheric warming) will be 765 

countered by the increased CO2 outgassing resulting from surface ocean warming due to reduced 766 

sea ice albedo [Morales Maqueda et al., 1999].  This understanding is particularly critical given 767 

the unprecedented acceleration of sea ice loss observed in the Arctic in recent years. 768 

 769 
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Figure legends 961 

Figure 1.  Map of the study area showing (a) bathymetry (in meters), the location of the Arctic 962 

Circle (shown in black), and the distribution of the eight geographic sectors (map 963 

adapted from the International Bathymetric Chart of the Arctic Ocean) and (b) an 964 

example of the locations of the four ecological provinces (September 1998). 965 

Figure 2.  Plots of surface Chl a versus daily primary production estimated from our primary 966 

production algorithm and measured in situ at discrete stations from the Chukchi and 967 

Beaufort seas obtained during the Shelf Basin Interaction program during a) May-June 968 

2002 and b) July-August 2002.  Algorithm output used in this analysis was restricted 969 

to those times and locations for which in situ data were available. 970 

Figure 3.  Open water area in the Arctic Ocean averaged over a) the entire year, b) the months of 971 

May-June (time of the a spring bloom), and c) the months of August-September (time 972 

of maximum open water).  Also shown is the long-term trend in mean open water area. 973 

Figure 4.  Weekly changes in a) open water area and b) sea surface temperature during 1998-974 

2006.  975 

Figure 5.  Annual mean open water area in the Arctic Ocean for each ecological province and 976 

geographical sector during 1998-2006.   977 

Figure 6.  Weekly changes in open water area in the four ecological provinces of the Arctic 978 

Ocean during 1998-2006. 979 

Figure 7.  Weekly changes in a) mean surface Chl a concentration, b) mean daily 980 

photosynthetically active radiation (PAR) incident at the sea surface, c) mean area-981 

normalized daily primary production, and d) annual primary production in the Arctic 982 

Ocean during 1998-2006. 983 

Figure 8.  Total primary production computed for a) the entire year, b) the months of May-June, 984 

and c) the months of August-September.  Also shown is the long-term trend in primary 985 

production.  986 
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Figure 9. Annual primary production in the Arctic Ocean for each ecological province and 987 

geographical sector during 1998-2006. 988 

Figure 10. Weekly changes in daily area-normalized primary production in each ecological 989 

province of the Arctic Ocean during 1998-2006.  990 

Figure 11. Total annual primary production (grey columns, Tg C yr-1), annual mean open water 991 

area and annual mean area-normalized primary production in the a) shelf, b) SMIZ, c) 992 

DMIZ, and d) pelagic provinces of the Arctic Ocean during 1998-2006. 993 

Figure 12. Climatologies (1998-2006) for a) annual primary production, b) annual mean surface 994 

Chl a, c) annual mean open water (number of ice-free days per year), and d) annual 995 

mean sea surface temperature. 996 

Figure 13. Maps of the correlation coefficient for the regression of annual mean primary 997 

production against a) annual mean surface Chl a, b) annual mean open water area 998 

(only in regions where open water is present for ≤350 days), and c) annual mean sea 999 

surface temperature for the nine years of our study.  Only pixel locations where data 1000 

are available for all nine years are shown in color.   1001 

Figure 14. Anomaly maps of annual primary production for each of the nine years of this study.  1002 

Colors represent change from the climatological mean shown in Fig. 14a. 1003 

Figure 15. Anomaly maps of surface Chl a for each of the nine years of this study.  Colors 1004 

represent change from the climatological mean shown in Fig. 14b.  1005 

Figure 16. Anomaly maps of open water area for each of the nine years of our study.  Colors 1006 

represent change from the climatological mean shown in Fig. 14c. 1007 

Figure 17. Anomaly maps of sea surface temperature for each of the nine years of our study.  1008 

Colors represent change from the climatological mean shown in Fig. 14d. 1009 
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Table 1. Linear Regression of Open Water Area Against Year by Geographic Sector and Ecological Province. 
 
  Chukchi Beaufort Baffin Greenland Barents Kara Laptev Siberian Arctic 
Shelf 
 Slope* 6131 -967 1762 898 14190 9711 4552 9841 46110 
 R2 0.360 0.089 0.320 0.135 0.436 0.394 0.186 0.635 0.768 
 p-value 0.087 0.435 0.113 0.330 0.053 0.070 0.246 0.010 0.002 
SMIZ 
 Slope* 1328 -1425 19 102 1398 4202 288 3937 9848 
 R2 0.298 0.225 0.000 0.005 0.145 0.336 0.007 0.751 0.546 
 p-value 0.128 0.197 0.984 0.850 0.312 0.102 0.833 0.002 0.023 
DMIZ 
 Slope* -24 -2966 -563 523 332 2578 743 441 1063 
 R2 0.000 0.284 0.049 0.006 0.007 0.431 0.081 0.262 0.005 
 p-value 0.956 0.140 0.568 0.848 0.832 0.055 0.459 0.159 0.850 
Pelagic 
 Slope* -35 -5816 3872 4810 9138 3555 809 198 16529 
 R2 0.000 0.216 0.237 0.101 0.247 0.391 0.061 0.250 0.415 
 p-value 0.965 0.207 0.184 0.405 0.174 0.072 0.520 0.170 0.061 
Total 
 Slope* 7399 -11174 5090 6333 25047 20046 6392 14416 73550 
 R2 0.339 0.238 0.180 0.225 0.390 0.425 0.120 0.680 0.780 
 p-value 0.100 0.183 0.256 0.197 0.072 0.057 0.361 0.006 0.002 
 
Bold denotes statistical significance at the 95% confidence level. 
*Slopes are in units of km2 yr-1 



Table 2. Linear Regression of Annual Primary Production Against Open Water Area by Geographic Sector 
 
  Chukchi Beaufort Baffin  Greenland  Barents Kara Laptev Siberian Arctic  
 Slope* 5.33 9.17 6.75 9.84 13.4 12.7 12.4 11.3 12.1 
 R2 0.269 0.895 0.24 0.15 0.866 0.893 0.896 0.942 0.617 
 p-value 0.153 <0.001 0.181 0.304 <0.001 <0.001 <0.001 <0.001 0.012 
 
Bold denotes statistical significance at the 95% confidence level. 
*Slopes are in units of (107 g C yr-1) km-2 



Table 3. Linear Regression of Annual Primary Production Against Year by Geographic Sector and Ecological Province. 
 
  Chukchi Beaufort Baffin Greenland Barents Kara Laptev Siberian Arctic 
Shelf 
 Slope* 0.280 -0.183 0.000 0.170 1.783 0.539 0.204 0.673 3.466 
 R2 0.087 0.278 0.000 0.220 0.365 0.099 0.031 0.500 0.438 
 p-value 0.442 0.145 0.998 0.203 0.085 0.409 0.650 0.033 0.052 
SMIZ 
 Slope* 0.308 -0.289 0.002 0.041 0.077 0.917 0.057 0.924 2.038 
 R2 0.266 0.397 0.000 0.011 0.004 0.220 0.004 0.738 0.205 
 p-value 0.155 0.069 0.992 0.788 0.870 0.203 0.875 0.003 0.221 
DMIZ 
 Slope* -0.009 -0.389 -0.029 0.314 -0.005 0.281 0.078 0.038 0.278 
 R2 0.007 0.390 0.008 0.080 0.000 0.399 0.070 0.245 0.016 
 p-value 0.833 0.072 0.822 0.460 0.980 0.068 0.491 0.175 0.747 
Pelagic 
 Slope* -0.010 -0.593 0.071 0.592 1.173 0.178 0.000 0.007 1.417 
 R2 0.012 0.373 0.007 0.054 0.239 0.268 0.000 0.141 0.080 
 p-value 0.781 0.081 0.830 0.549 0.182 0.153 0.999 0.319 0.461 
Total 
 Slope* 0.576 -1.445 0.076 1.188 3.066 1.938 0.352 1.648 7.892 
 R2 0.193 0.421 0.002 0.122 0.279 0.218 0.021 0.647 0.334 
 p-value 0.237 0.059 0.906 0.357 0.144 0.205 0.709 0.009 0.103 
 
Bold denotes statistical significance at the 95% confidence level. 
*Slopes are in units of (Tg C yr-1) yr-1 
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