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[1] Fall case studies of three-dimensional circulation, plankton, and benthos models
explored the consequences of interannual changes in ice cover and water motion on
carbon/nitrogen cycling by the end of September within the Chukchi/Beaufort Seas. The
coupled model scenarios were those of reduced (greater) northward flow, colder (warmer)
temperatures, and more (less) extensive ice cover over the preceding �60 days of
August and September during the negative (positive), anticyclonic (cyclonic) phase of the
Arctic Oscillation in 1980 (1989). On the inner Chukchi shelf, stronger flows in 1989
advected nitrate and silicate stocks of Pacific origin �130 km farther northwest
toward Wrangel Island than in 1980. Yet an increase of the total net photosynthesis by the
diatom-dominated phytoplankton community over both shelves in 1989 was mainly the
result of less ice cover of the cyclonic period, with a concomittant increase of POC
influxes of phytodetritus and fecal pellets to the sediments. In terms of present shelf
export, the model’s separate pools of �65 umol DOC kg�1 and 1 ug chl l�1, or
�4 umol POC kg�1, at a depth of 60 m above the 2000-m isobath of the Beaufort Sea
in September 1989, matched the sum of �70 umol TOC kg-�1 sampled there by
submarine in September 1997. Accordingly, most of the simulated Chukchi shelf was a
weak sink of atmospheric CO2 in both September 1980 and 1989, reflecting a net fall
export of particulate and dissolved debris. Within the cyclonic case of strong flows in
1989, a surface pCO2 of 248 uatm was also simulated in September at 155�W on the
Beaufort shelf, where �250 uatm was measured there in September 2000. Here, farther
away from the Pacific source of nutrients for enhanced photosynthesis, the model’s
estimate of surface sea water fugacity in a weaker flow regime was only 375 uatm of pCO2

at the same location in September 1980, when typically outgassing would have instead
prevailed, despite increasing atmospheric pCO2 values, i.e., 356 to 362 uatm of pCO2

were found in Arctic air during 1998 to 2000. Although the northward model transports of
water, gases, nutrients, and particulate matter were less during 1980 than in 1989, the
simulated relict nutrient fields, left behind by the model’s phytoplankton on the outer shelf
of the Chukchi Sea, were greater then, as a consequence of their smaller rates of light-
limited utilization during less photosynthesis and draw down of CO2. The more important
factors, effecting fluxes of CO2 here, may thus be the biological ones of photosynthesis
and respiration, rather than the physical ones of temperature and advection. Since the
colonial prymnesiophytes of the model also grew better at low light intensities than the
diatoms or microflagellates, Phaeocystis won, when all other constraints were similar, in
regions of the ice-covered upper euphotic zone, where total stocks were less than
0.5 ug chl l�1, as observed in August 2000. However, increased model fidelity, compared
with submarine observations of nutrients along the shelf break of the western
Canadian Basin, will require appropriate specification of the persistence of winter initial
conditions in Bering Strait. Future reductions of ice cover over deeper regions of these
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Arctic shelves may result in greater utilization of the untapped winter nutrients by these
shade-adapted prymnesiophytes, with less energy transfer to higher trophic levels of
their food webs. Altered bases of shelf food webs, rather than increased northward
transport of Pacific waters and their constituents, may then have greater consequences
for both future element cycling and protein yield of these western Arctic
ecosystems. INDEX TERMS: 4207 Oceanography: General: Arctic and Antarctic oceanography; 4806

Oceanography: Biological and Chemical: Carbon cycling; 4817 Oceanography: Biological and Chemical:

Food chains; 4842 Oceanography: Biological and Chemical: Modeling; 4845 Oceanography: Biological and

Chemical: Nutrients and nutrient cycling; KEYWORDS: food webs, models, arctic

Citation: Walsh, J. J., D. A. Dieterle, W. Maslowski, and T. E. Whitledge (2004), Decadal shifts in biophysical forcing of Arctic

marine food webs: Numerical consequences, J. Geophys. Res., 109, C05031, doi:10.1029/2003JC001945.

1. Introduction

[2] Arctic change occurs at all time scales: from diurnal
tides to pre-Holocene closure of Bering Strait. As a pre-
sumed result of past anthropogenic greenhouse forcings
from 1840 to 1960, however, Arctic-wide summer temper-
atures rose by �1.5�C to yield the warmest habitat of the
past 400 years [Overpeck et al., 1997], with perhaps a
consequent increase of adjacent terrestrial photosynthesis
[Myneni et al., 1997]. Furthermore, after more recent spring
ice melt, April temperatures during 1989–1998 were 3�C
warmer than in 1980–1988 [Stabeno and Overland, 2001]
over portions of the Bering, Chukchi, and Beaufort Seas
(Figure 1).
[3] Are inferred recent increases of coccolithophore

abundance over the last 5 years [Stockwell et al., 2001]
and longer-term decreased food sources of baleen whales
over the last 50 years [Schell, 2000, 2001] both related to
altered physical habitat of temperature, ice cover, and
circulation patterns on these shelves? Will future global
warming first be verified in this sentinel ecosystem as
altered fluxes of carbon and nitrogen between Arctic shelf
and basin ecosystems? To provide a base line for a possible
ice-free Arctic food web, we consider past extremes of
light-regulated carbon cycling during fall in the Chukchi
and Beaufort Seas with two model case studies of decadal
change (Figure 2), exhibited by alternating wind fields of
cyclonic and anticyclonic circulation regimes affecting ice
extent, subsurface light fields, and nutrient supply.
[4] When the Beaufort High weakens and cyclonic winds

above the Arctic basins intensify as a positive Arctic
Oscillation (AO) index [Thompson and Wallace, 1998], an
eastward shift in water mass boundaries has been observed
[McLaughlin et al., 1996] in relation to altered circulation of
basin waters [Macdonald, 1996], warming and shallowing
of the Atlantic layer [Carmack et al., 1997] and a possible
reduction in sea-ice extent [Maslanik et al., 1996] and
thickness [McLaren et al., 1994; Wadhams, 1997]. Numer-
ical circulation models capture both the earlier cyclonic
features of the basins in the 1980s and the recent return
[Maslowski et al., 2001] to the anticyclonic state [Johnson
et al., 1999] during 1998 and 2001, when the Beaufort Gyre
is stronger, the AO is negative (Figure 2a), and the Trans-
polar Drift retreats westward to the Lomonsov Ridge.
[5] Earlier computer models suggested anticyclonic

regimes of flow in the Arctic basins (Figure 2c) during
1946–1952, 1958–1963, 1972–1979, and 1984–1988
[Proshutinsky and Johnson, 1997]. Over the last 30 years,

the positive AO values (Figure 2a) of cyclonic periods have
increased, beyond those found during 1903, such that an ice
free-Arctic Ocean in summer might prevail if the trend
continues [Kerr, 1999]. As a consequence of transition from
anticyclonic to cyclonic wind patterns, the southward wind
forcing above the Chukchi/Beaufort Seas is stronger in the
former regime [Zhang and Hunke, 2001].
[6] Interannual variations in northward transport

(Figure 2b) through Bering Strait of water [Coachman
and Aagaard, 1988; Roach et al., 1995], heat [Aagaard et
al., 2002], nutrients [Walsh et al., 1989], and plankton
[Penta and Walsh, 1995] are all linked to changes of the
southward wind stress. Indeed, the strongest northward
water transport over the previous 50 years was found in
1994 during the latest cyclonic period, while one of
the weakest transports was observed in 1987 during the
previous anticyclonic regime (Figures 2a–2c). Based on
high summer temperatures in Bering Strait [Aagaard et al.,
2002], such strong northward transport may have occurred
in 1996–1997 as well. Extensive ice cover and cold temper-
atures in the Bering Sea were associated with the periods
of reduced northward flow during the 1970s and 1980s
[Niebauer, 1988; Proshutinsky and Johnson, 1997] but not
in the 1990s, impacting both the light field, the stability of
the water column, and thence the base of the food web
[Stabeno and Overland, 2001].
[7] These shifts of sea level, ice cover, surface temper-

atures, and storm tracks have been related to oscillations of
primary production [Sambrotto and Goering, 1983], of
zooplankton abundance [Sugimoto and Tadokoro, 1997],
and of groundfish yields [Hollowed and Wooster, 1992] in
the Bering Sea and by inference in the adjacent Chukchi/
Beaufort Seas [Walsh, 1989]. However, the nitrate stocks on
the outer shelf of the southeastern Bering Sea (Figure 1),
found by the PROBES study (Figure 2d), did not change
between anticyclonic and cyclonic periods of altered north-
ward flow through Bering Strait [Whitledge et al., 1986].
Since they are the source of nitrate exported into the Arctic
from the Pacific Ocean within mainly Anadyr Water (AW)
of salinity >32, after upwelling south of Bering Strait
[Walsh et al., 1989, 1997], the major factor of subsequent
time-dependent utilization of Pacific nutrients is the resi-
dence time of phytoplankton within well-lit regions of the
downstream Chukchi/Beaufort Seas.
[8] Here, we couple a relatively complex model of

competition by phytoplankton and herbivores [Walsh et
al., 2001] to previous ones of benthic interactions [Walsh
and Dieterle, 1994] and of water/ice motions on the
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Chukchi and Beaufort shelves [Maslowski and Lipscomb,
2003] for analysis of the impact of decadal changes of both
ice cover and water circulation on their carbon/nitrogen
exchanges with the Canadian Basin [Walsh et al., 1997].
The cases of the coupled models are those of reduced
(greater) northward flow, colder (warmer) temperatures,
and more (less) extensive ice cover during the negative
(positive), anticyclonic (cyclonic) phase of the AO in 1980
(1989) over a �60-day period of August and September.
[9] Validation data are available both at the basin bound-

ary (Figure 1) of this shelf ecosystem [Guay et al., 1999]
during other years of September 1997 (Figure 3) and on the
Beaufort shelf in September 2000 [Murata and Takizawa,
2003], while August initial conditions of the Chukchi Sea
are known from 1963 [Codispoti and Richards, 1968],
1968, 1969 [Kinney et al., 1970], 1988 [Walsh et al.,
1989; Penta and Walsh, 1995], 1990 [Cooper et
al., 1997], 1993 [Cota et al., 1996; Weingartner et al.,
1998], and 1994 [Wheeler et al., 1997]. We thus assume that
the Pacific summer-fall stocks of nutrients and plankton

within Bering Strait remain the same from one year to the
next but change seasonally, whereas those at the southern
edge of the Canadian Basin are time-invariant. With exten-
sive documentation of the circulation model, we only
describe the ecological ones.

2. Methods

[10] A major surprise in the cyclonic year of 1997 was the
first documented bloom of coccolithophores in the south-
eastern Bering Sea, with an associated loss of seabirds
[Stockwell et al., 2001]. Their contribution to alkalinity
changes was considered minimal here 20 years before
[Codispoti et al., 1986]. They remained there in 1998 [Hunt
et al., 1999] and 1999 [Olson and Strom, 2002]. These
calcareous forms can dominate the phytoplankton of Nor-
wegian coastal waters as well [Berge, 1962], but they are
not yet abundant farther north in the Barents Sea [Sakshaug,
2004].
[11] They were also not observed by AOS and SHEBA

participants within the Chukchi Sea (Figure 1) during strong
northward flows of either the 1994 [Booth and Horner, 1997]
or 1997 [Sherr et al., 2004] cyclonic regimes (Figure 2a).
This calcium-clad functional group of phytoplankton is
presently ignored, in favor of another prymnesiophyte
Phaeocystis pouchettii, which can be important on the outer
shelf of the southeastern Bering Sea [Barnard et al., 1984;
Sukhanova et al., 1999]. It, unlike the coccolithophores, has
been found within the downstream Canadian Basin as well
[Booth and Horner, 1997; Sherr et al., 2004].
[12] Diatoms tend to dominate the phytoplankton com-

munity of AW, however, whereas flagellates are more
important in Alaska Coastal Water (ACW) on the eastern
side of Bering Strait [Walsh et al., 1989]. Both are also
included as state variables, as well as their predators,
copepods, and protozoans. Thus the explicit state variables
of the coupled biophysical models consist of u, v, w, Kz, ice
thickness, blue and red light, nitrate, ammonium, silicate,
dissolved inorganic carbon, diatoms, microflagellates,
Phaeocystis, copepods, protozoans, macromolecular and
monomeric DOC, bacterioplankton, and sediment carbon
(Table 1). Implicit variables are sediment biota, DON by
Redfield ratio, and carnivorous zooplankton for food web
closure.
[13] Within the water column, the processes (Table 2) of

nutrient uptake and recycling, primary production and
respiration, cell lysis and sinking, grazing and CO2 seques-
tration are simulated. Across the model’s sediment interface,
particulate debris of uneaten phytoplankton and fecal pellets
of copepod and protozoan origin is mixed down by bio-
turbation. Within the upper 1 cm of sediments, it is
solubilized over 1 day to form lysed DOC and DON. After
some oxidation to interstitial CO2, the remaining DOC and
biogenic DIC, as well as NH4, NO3, and dissolved silica of
diatom frustules, outflux to the overlying water column,
ignoring long-term burial [Banahan and Goering, 1986]
over the 2-month period of the simulations. Details are
provided in Appendix A.
[14] The initial and boundary conditions of AW within

Bering Strait and across the inner Chukchi shelf represent
ice-free, postbloom stocks of Pacific origin (Table 3), found
in August, unlike larger winter amounts [McRoy, 1999]. In

Figure 1. Orthogonal cruise tracks within the Arctic
basins of the submarines Pargo (solid squares) and
Archerfish (open triangles) during March 1991 and
September 1997, as well as of the icebreakers Polar Sea/
Louis St. Laurent (solid circles) and Polar Sea/Henry
Larsen (solid triangles) during August 1993 and 1994 in
relation to the idealized trajectory (open circles) of Anadyr
Water (AW) in a prior Lagrangian model, to sites of
previous PROBES (P), ISHTAR (I), SHEBA (S) programs,
and to the boundaries (thick solid lines) of the coupled
Eulerian SBI models.
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contrast, those of Atlantic origin in the Canadian Basin
(Table 3) are derived from submarine and ice-breaker data
(Figure 1) within the pack ice [e.g., Mumm et al., 1998;
Muench et al., 2000], but outside the influence of down-
stream AW, defined in the model by salinities of 32–33.5
(Figure 3a) and temperatures of �1.5�C (Figure 3b).
[15] Using these salinity fields of our physical model on

1 August, AW of 32–33.5 has initial conditions of 5–
15 umol NO3 kg�1, 20–30 umol SiO4 kg�1, 0.5 umol
NH4 kg�1, 0.5 ug chl l�1 (85% diatoms; 10% prymnesio-
phytes; 5% microflagellates), 2050 umol DIC kg�1,

1.0 umol C kg�1 of copepods, protozoans, and bacteria,
with a total of 90 umol DOC kg�1 at bottom depths of
20–65 m (Table 3). Thus no attempt is made to mimic
larger relict winter stocks of AW in deeper waters of the
outer shelf and adjacent Canadian Basin. The boundary
condition of AW in Bering Strait begins with the same
initial conditions but then changes over time as a function
of local biological growth and loss processes.
[16] Otherwise, over the rest of the grid of the coupled

models, the initial conditions of the upper 65 m are 0.5 umol
NO3 kg�1, 5.0 umol SiO4 kg�1, 0.5 umol NH4 kg�1,

Figure 2. Variations of the (a) Arctic Oscillation (AO) index (available at www.cpc.ncrp.noaa.gov) and
(b) northward transport through Bering Strait (after Roach et al. [1995]) in relation to (c) cyclonic and
anticyclonic regimes of basin flows (after Proshutinsky and Johnson [1997]) and (d) duration of field
programs over the last �50 years of Arctic change.
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0.5 ug chl l�1 (10% diatoms; 5% prymnesiophytes; 85%
microflagellates), 2125 umol DIC kg�1, 0.5 umol C-cope-
pods kg�1, 2.0 umol C-protozoans kg�1, a total of 60 umol
DOC kg�1, and 2.0 umol C-bacteria kg�1 (Table 1). The
boundary condition of ACW within shallow Bering Strait
begins with this initial condition as well. At depths of
>65 m, the initial and boundary conditions of Atlantic
waters are 0.5–15.0 umol NO3 kg

�1, 5.0–15.0 umol SiO4

kg�1, 0.1 umol NH4 kg�1, 0.2–0.0 ug chl l�1 (10%
diatoms; 5% prymnesiophytes; 85% microflagellates),
2125–2200 umol DIC kg�1, 0.1–0.5 umol C-copepods
kg�1, 0.2–2.0 umol C-protozoans kg�1, a total of 60 umol
DOC kg�1, and 0.8–2.0 umol C-bacteria kg�1 (Table 3).
[17] Observed ice fields [Chapman and Walsh, 1993], net

shortwave radiative fluxes [Kistler et al., 2001], and a
background Kz are imposed over the spatial grid of the
ecological models, extending at 9-km resolution from
170�E in the East Siberian Sea to 130�W in the Beaufort
Sea and from Bering Strait to the 2000-m isobath of the
Canadian Basin (Figure 1). It is nested within the
larger spatial domain of the Pan-Arctic circulation model
[Maslowski and Lipscomb, 2003] over all Arctic seas and
basins at the same resolution of a 1/12� horizontal grid and a
45 layer vertical grid. The physical and plankton models
have the same vertical resolution, which is highest near the
surface, with 15 layers of minimal thickness of 5 m and
maximal thickness of 20 m within the upper 200 m of the
water column. The benthos model has one layer of a well
mixed, 1-cm thickness, over which temperature impacts the
rate of bioturbation. Details are provided in Appendix A.
[18] From prior runs, the physical model provides daily

inputs of wind stress, salinity, temperature, and u, v to the
ecological ones during August and September of the cyclo-
nic and anticyclonic scenarios. Given the u, v fields, w in
the plankton model is calculated from the equation of
continuity for tracer transport as formulated in the Parallel
Ocean Program [Smith and Gent, 2002]. We corrected for
small differences (<= 0.3 Sv) between the inflow and
outflow of water through the boundaries of the nested
biological subdomain with a Lagrange multiplier technique
[Stoddard and Walsh, 1986]. To evaluate the relative
importance of these horizontal advective fields, September
carbon budgets of each case are constructed from most
terms of state equations (A1)–(A8) and (A12) for the
different types of plankton, DOC, and DIC, given in
Appendix A. Influxes from local rivers are presently ig-
nored, since the DOC signature [Amon and Benner, 2003]
of fresh, nutrient-poor ‘‘summer’’ ACW was smaller than
that of AW during September 1997 (Figure 3e) in the
Canadian Basin, while terrestrial loading of Russian rivers
was mainly restricted to the Makarov Basin [Guay et al.,
1999].

3. Results

[19] The northward transports through Bering Strait of the
coupled models at the end of July, August, and September
were larger and warmer in 1989 than in 1980, with less
amounts of snow and ice imposed at the surface of the water
column (Figure 4). Indeed, northward (Figure 5a), not
southward (Figure 5b), flow is simulated at a depth of
�30 m along the Russian coast on 30 September in the

Figure 3. Fall distributions of Arctic (a) salinity,
(b) temperature, (c) nitrate, (d) silicate, (e) DOC + POC,
and (f ) chlorophyll sampled by Archerfish at a nominal
depth of 60 m during September 1997 along (g) the slope
section shown in Figure 1 (Figures 3a, 3b, 3e, and 3g are
redrawn from Guay et al. [1999]). These observations
represent the positive, cyclonic phase of the AO with
warmer temperatures and greater northward transport
through Bering Strait.
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anticyclonic case of 1980, with reversal of the usual
northward flow along the Alaskan coast as well. At the
same depth, model temperatures of ACW, with salinities of
<32 on this day in 1989 (Figure 6b), are warmer than in
1980 (Figure 7a), with a maximum of 6.3�C (Figure 7b),
similar to that observed by the Archerfish within the
Beaufort Sea during another cyclonic period of September
1997 (Figure 3b).
[20] Along the 50-m isobath of the south central Chukchi

Sea, the stronger northwestward flows (Figure 5b) of high
salinity (Figure 6b), low temperature (Figure 7b) AW advect
4–6 umol NO3 kg

�1 and 15–20 umol SiO4 kg
�1at a depth

of �30 m about 130 km farther toward Wrangel Island in
September 1989 (Figures 8b and 9b) than in the same month
of 1980 (Figures 8a and 9a). Similarly, the near-bottom
nitrate and silicate contents of AW on the 40-m isobath of
the Polar Sea/Louis St-Laurent section at 70�N, 168�450W
(shown by solid circles in Figure 1) were >15 umol NO3
kg�1 and >50 umol SiO4 kg

�1 [Wheeler et al., 1997] during
the very large northward transport of the1994 cyclonic
period (Figure 2b). At this same location in September
1990, under annual northward transport of 73% that of 1994
[Roach et al., 1995], <2 umol NO3 kg

�1 and <10 umol SiO4

kg�1 were instead found here within AW [Cooper et al.,
1997]. In August 1988, at 55% of the 1994 annual transport,
these near-bottom AW stocks of <2 umol NO3 kg�1 and
<10 umol SiO4 kg

�1 were then observed south of 68�300N
[Walsh et al., 1989].
[21] In the northwestern Chukchi Sea, however, within

deeper regions of >60% surface ice cover, more nitrate
and silicate are left unutilized at a depth of 30 m on
30 September 1980 (Figures 8a and 9a), despite weaker
northward advection of Pacific nutrients (Figure 5a), as a
result of greater light limitation (Figure 10a). The depth
integral of photosynthesis covaried with the ice cover,
moreover, such that the model’s fixation of �200 mg C

m�2 day�1 in mid-September 1980 and 1989 (Figures 11a
and 11b) was roughly associated with �60% ice cover
(Figures 10a and 10b). Higher primary production of
>1000 mg C m�2 day�1 on 15 September is simulated under
<20% ice cover during both scenarios of the coupled models
within regions of little ice, such that the spatial extent rather
than the depth integral of algal carbon synthesis changes from
year to year. Over the model grid, a 50% increase of total
carbon fixation occurs during 15 August to 15 September
1989, compared with the same period in 1980. On a unit
basis, similar ranges of 100–2570 mg C m�2 day�1 of net
production were measured under 55–80% ice cover during
August 1994 [Gosselin et al., 1997] and 102–486 mg C m�2

day�1 under 20–40% ice cover in August 1993 [Cota et al.,
1996].
[22] Simulated surface chlorophyll stocks of 3–5 ug chl

l�1 (Figures 12a and 12b) of mainly diatoms (Figures 13a
and 13b) over most of the Chukchi/Beaufort shelves during
30 September 1980 and 1989 are similar to those observed
on the inner shelf in August 1988 [Walsh et al., 1989].
Subsurface maxima of 3–5 ug chl l�1 were also found at
depths of 30–40 m, above the upper slope (�350 m
isobath) [Macdonald et al., 1995] and outer shelf (�60 m
isobath) [Cota et al., 1996] of the Chukchi Sea, during ice-
breaker cruises in August and September 1993 (Figure 1).
Finally, total phytoplankton stocks of 3–5 ug chl l�1 were
measured at a depth of 60 m (Figure 3f ) along the
Archerfish transect [Guay et al., 1999] above the midslope
region (500–1000 m isobaths) of the Chukchi Sea
(Figure 3g) in September 1997.
[23] In terms of dominant functional groups, Phaeocystis

won (Figures 13a and 13b) in regions of <0.5 ug chl l�1

(Figures 12a and 12b) and >80% ice cover (Figures 10a
and 10b), particularly during the poorer light regime of
September 1980. Although Phaeocystis grew better at low
light intensities (see Appendix A), their realized growth
rates in these regions were very low (<0.01 day�1), and the
higher prymnesiophyte biomass of the models was due
primarily to both selective grazing of diatoms by relatively
abundant copepods and greater initial stocks of Phaeocystis
than microflagellates in Anadyr Water.
[24] Biomarkers suggested a dominance of diatoms with-

in surface waters and sediments of the Chukchi shelf, with
usually a minor contribution from Phaeocystis, during
August 1994 and 2000 [Belicka et al., 2002]. However, at
a total surface stock of 0.5 ug chl l�1, fatty acids then
indicated that Phaeocystis dominated the phytoplankton, as
in the model. Similar dominance of Phaeocystis was sim-
ulated and observed in deeper regions of the Ross Sea
[Arrigo et al., 2003]. Finally, microflagellates were the
dominant group in slope and basin regions of the model,
where the different size classes of autotrophic flagellates
constituted �74% of the carbon biomass in August 1994
[Booth and Horner, 1997].
[25] The increasing depth in the water column stocks of

subsurface maxima of 3–5 ug chl l�1, from inner shelf to
slope [Walsh et al., 1989; Cota et al., 1996; Macdonald et
al., 1995; Guay et al., 1999], and the sediment biomarkers
[Belicka et al., 2002] both suggest fallout of dominant
populations of larger diatoms [Booth and Horner, 1997]
in the Chukchi Sea during August 1988, 1993, 1994, and
2000. After settling to a depth of 30 m, the spatial extent of

Table 1. State Variables of Coupled Ecological Models of the

Bering/Chukchi Seas

Variable Model

Plankton
Pd Diatoms
Pp Phaeocystis pouchetti
Pf Microflagellates
B Bacteria
Gc Copepods
Gm Protozoans

Nutrients
NO3 Nitrate + nitrate
NH4 Ammonium
SIO4 Silicate
DSIO4 Interstitial silicate

Dissolved Carbon
DOC1 Monomeric DOC
DOC2 Macromolecular DOC
DIC Inorganic carbon
DS Interstitial DIC

Detritus
Zc Settling siliceous fecal pellets
Zm Settling nonsiliceous fecal pellets
Sp Nonsiliceous sediment particulate carbon
Sps Siliceous sediment particulate carbon
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simulated near-bottom stocks of >10 ug chl l�1 near Alaska
was larger on 30 September 1980 (Figure 14a) than during
1989 (Figure 14b), as a consequence of the southward flows
along the coast of the anticyclonic regime (Figure 5a).
[26] During the weak annual northward transport of 1987

(Figure 2b), southeastward displacement of AW towards
Kotzebue Sound led to near-bottom stocks of >40 chl l�1

within the eastern Chukchi Sea in August [Springer and
McRoy, 1993] as well and actual flow reversals within
Bering Strait during September [Coachman, 1993]. Greater
fallout of plankton debris to the model’s sea bottom also
occurred in this region of the model during 30 September
1980 (Figure 15a), but because of the more extensive
primary production in 1989 (Figure 11b), the overall mean

Table 2. Model Parametersa

Variable Amount Definition

ci [0.70, 0.70, 0.76] e.0633T Maximum growth rate as a function of temperature, T, day�1

gi – Algal growth as a function of light and nutrients, day�1

gi,NO3
– Algal uptake rate, nitrate, day�1

gi,NH4
– Algal uptake rate, ammonium, day�1

gi,SIO4
– Algal uptake rate, silicate, day�1

ei [0.10, 0.05, 0.05] Algal respiration rate, percent of gi
yi [0.04, 0.04, 0.40] Algal excretion of DOC1, percent of gi
L(t, z) – Photosynthetic active radiation in the water column, W m�2

Lis [45, 35, 25] Saturation (optimal) light intensity for growth, W m�2

Im – Maximum noon radiation, W m�2

Ip – Daily mean PAR, W m�2

Rb 0.5 Fraction of surface PAR in the blue-green wavelengths
ts – Time since sunrise, hours
D – Photoperiod, hours
p 3.14. . .
cb 0.008e0.092T Maximum bacterial growth rate as a function of T, hours�1

m 0.002 + 0.005T Bacterial mortality rate as a function of temperature, hours�1

g3 – Bacterial uptake rate of DOC1, day
�1

g4 – Bacterial uptake rate of DOC2, day
�1

b 0.5(g3 + g4) Bacterial respiration, day�1

hi [0.0, 0.0, 0.0] Algal lysis to DOC2, percent algal biomass per day
hc,m [0.0, 0.0] Fecal pellet lysis, percent fecal pellet biomass per day
gd 0.20 Grazing loss of diatoms, percent copepod body carbon per day
z 0.1 Protozoan grazing coefficient, umole C kg�1 day�1

gm z(Pf + Pp) Protozoan daily ration, % protozoan body carbon per day
gfGm – Microflagellate grazing by protozoans, umole C kg�1 day�1

gpGm – Phaeocystis grazing by protozoans, umole C kg�1 day�1

Pps 0.9Pp Single-cell Phaeocystis concentration, umole C kg�1

wd 0.025Pd
2 Diatom settling velocity, m day�1. Pd in ug chl l�1

wp 0.025Pp
2 Phaeocystis settling velocity, m day�1. Pp in ug chl l�1

wf 0.5 Microflagellate settling velocity, m day�1

wzd 100.0 Settling velocity, siliceous fecal pellets, m day�1

wzf 30.0 Settling velocity, nonsiliceous fecal pellets, m day�1

ac,m,b [0.325, 0.60, 0.20] POC respired by copepods, protozoans, and carnivores, %
jc,m,b [0.50, 0.0, 0.50] DOC2 from sloppy copepods, protozoans, and carnivores, %
[1 � ac,m,b�jc,m,b] – Fecal pellet production from herbivores and carnivores
Grmini [0.05, 0.05, 0.05] Grazing threshold, ug chl l�1

Grlayerc,m [200, 100] Maximum extent of copepod/protozoan grazers, m
kiNO3

[0.9, 0.9, 0.9] Half-saturation constant for nitrate uptake, umole N kg�1

kiNH4
[0.2, 0.2, 0.2] Half-saturation constant for ammonium uptake, umole N kg�1

kiSIO4
[1.15, 0.0, 0.0] Half-saturation constant for silicate uptake, umole Si kg�1

kDOC 0.83 Half-saturation constant for DOC1,2 uptake, umole C kg�1

kNIT 0.10 Half-saturation constant for nitrification, umole N kg�1

kb(w, i, s) [0.0438, 2, 15] Attenuation of blue-green light, m�1, in seawater, ice, snow
kr(w, i, s) [0.40, 4.0, 35] Attenuation of red light, m�1, in seawater, ice, and snow,
kc – Attenuation coefficient of chlorophyll, m�1

km – Attenuation coefficient of CDOC, m�1

k(a) 0.38 Attenuation coefficient of ice algae, m�1

ki [0.024, 0.048, 0.012] Specific algal attenuation coefficient, m2 (mg chl)�1

ky 47.0 � 10�6 Specific CDOC attenuation coefficient, m2(mg DOC)�1

z(i, s, a) [2.0, 0.1, 0.01] Thickness of ice, snow, and ice algae layers, m
X1 – Nitrification rate, umoles N kg �1 s�1

X2 0.20 Photolytic loss of DOC2 to DOC1, umole DOC kg�1 hour�1

l 5.0 Degradation rate sediment particulate organic carbon, day�1

Kb 3.5 � 10�4 e0.092Tb Bioturbation coefficient and bottom temperature Tb, m
2 s�1

Km 3.5 � 10�10 Porewater diffusion coefficient, m2 s�1

Kh 1.0 � 10�4 Water column eddy diffusivity, m2 s�1

(C/N)r (100/15) Redfield molar C/N ratio in all organic matter except bacteria
(C/Si)r (100/15) Redfield molar C/Si ratio of diatoms and siliceous fecal pellets
(C/N)b (100/20) Molar C/N ratio of bacteria
(C/CHL)i [45, 50, 125] Particulate organic carbon/chlorophyll ratio, ug/ug

aSubscript i is d, f, p for diatoms, microflagellates, and Phaeocystis.
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POC flux into the sediments increased by an increment of
33% in the 1989 case (Figure 15b).
[27] The amount of sediment debris also increased within

the south central part of the Chukchi Sea during the
cyclonic scenario of 1989 (Figure 15b), like the northwest-
ward dispersion (Figure 5a) then of nutrient supplies
(Figures 8b and 9b) and carbon fixation (Figure 11b)
towards Wrangel Island. During the anticyclonic period of
1987, high sediment oxygen uptake rates were instead
found just north of Bering Strait [Grebmeier, 1993]. In
contrast, remineralization of organic matter appeared to
similarly occur near the shelf break during the other 1994
cyclonic regime, based upon low near-bottom oxygen
concentrations found on the �110-m isobath [Swift et al.,
1997].
[28] The simulated maxima of ammonium pools, regen-

erated at the 30-m (Figures 16a and 16b) and 60-m
isobaths, were 2–4 umol NH4 kg�1 on 30 September
1980 and 1989, the same as those measured near the bottom
of the Chukchi Sea during August 1987 [Walsh et al., 1989]
and September 1990 [Cooper et al., 1997]. Like the
northwestward translation of new nitrogen supply and total
primary production in 1989 (Figures 8b and 11b), recycled
nitrogen of >2.5 umol NH4 kg�1 was more extensive
around Wrangel Island during 1989 (Figure 16b), supporting
suggestions of changing loci of bottom metabolism, inferred
from the 1987 and 1994 oxygen data [Grebmeier, 1993;
Swift et al., 1997].
[29] Under stronger poleward flows along the Alaskan

coast of the model’s cyclonic regime (Figure 5b), the ACW
boundary condition of 60 umol DOC kg�1 (Table 1)
propagated northward on the Chukchi shelf to Cape
Lisburne at a depth of 30 m by 30 September 1989
(Figure 17b). However, since the boundary condition of
the Canadian basin was also 60 umol DOC kg�1 above
bottom depths of >65 m, larger DOC stocks at the shelf
edge must instead represent export of some of the primary
production residues of the fall autotrophic shelf ecosystem.
Indeed, at a depth of 60 m, the sum of the model’s separate
pools of �65 umol DOC kg�1 (Figure 18b) and 1 ug chl
l�1 (Figure 19b), or �4 umol POC kg�1, above the 2000-m
isobath at 150�W of the Beaufort Sea on 30 September
1989 match the total of �70 umol TOC kg�1 sampled there
by Archerfish in September 1997 (Figure 3e). Farther west

at 173�W, �70 umol TOC kg�1 was also found at a depth
of 60m above the 2000-m isobath of the Chukchi Sea in
August 1994 [Wheeler et al., 1997] but the POC component
may be larger there (Figure 3f ).
[30] Like the zooplankton populations of the southeast-

ern Bering Sea, where the Hokkaido study (Figure 2d)
found that their biomass of the 1972–1979 anticyclonic
period was half that of the cyclonic regime during 1964–
1971 [Sugimoto and Tadokoro, 1997], the model’s mean
secondary production of fecal pellets of copepods and
protozoans during August and September was 19.6 mg C
m�2 day�1 in 1980, compared with 28.3 mg C m�2 day�1

in 1989. The grazing stresses exerted by these copepods
and protozoans were then at most�50% of the model’s daily
net photosynthesis of 115–184 mg C m�2 day�1 on the
outer shelf.
[31] Low ingestion rates imply small export of settling

POC from a depth of 60 m on the outer Chukchi/Beaufort
shelves (Figures 19a and 19b), where the diatoms and
microflagellates were now the dominant functional groups

Table 3. Pacific and Atlantic Summer Initial and Boundary Conditions of Nutrients, Dissolved Inorganic Carbon, Total Phytoplankton

Biomass, Copepods, Protozoans, Dissolved Organic Carbon, and Bacterioplanktona

Depth Nitrate Ammonium Silicate DIC Algae Copepods Protozoans DOC Bacteria

Anadyr Water
0 5 0.5 20 2050 0.5 1 1 90 1
30 10 0.5 25 2050 0.5 1 1 90 1
65 15 0.5 30 2050 0.5 1 1 90 1
220 – – – – – – – – –

Alaska Coastal Water/Canadian Basin
0 0.5 0.5 5 2125 0.5 0.5 2 60 2
30 0.5 0.5 5 2125 0.5 0.5 2 60 2
65 0.5 0.5 5 2125 0.5 0.5 2 60 2
220 9.0 0.1 6 2150 0.2 0.5 2 60 0.8
>220 15.0 0.1 15 2200 0.0 0.1 0.2 60 0.8

aAnadyr Water in Bering Strait and over depths <65 m contains 85% diatoms, 10% Phaeocystis, and 5% microflagellates, whereas the model’s
phytoplankton community is 85% microflagellates, 10% diatoms, and 5% Phaeocystis within Alaska Coastal Water and deeper shelf/slope regions. All
units are umol kg�1 of N, Si, and C, except ug chl l�1.

Figure 4. The northward transport (Sv) through Bering
Strait in relation to the mean shelf (<100 m) temperature
(�C) and ice cover (%) over the Chukchi/Beaufort shelves
on 31 July, 31 August, 30 September, and 31 October
during 1980 and 1989.
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near the bottom of the euphotic zone in both scenarios
(Figure 20a and 20b). However, zooplankton debris settles
much faster than that of phytoplankton in our model
(Table 2). Of the POC reaching these sediments of the
model, phytoplankton debris amounted to only �55% each
year, with the rest contributed by fecal pellets of the
herbivores and carnivores. Since cholesterol is one of the
most abundant sterols in the Chukchi shelf sediments
[Belicka et al., 2002] and can be a zooplankton biomarker,

their significant contribution to particle export here may be
correctly identified in the model results.
[32] A predicted lateral export of particulate matter from

these Arctic shelves to the basins during late summer and
early fall suggests that they should then, at least, be a sink
of atmospheric CO2. Indeed, most of the simulated Chukchi
shelf was a weak September sink of atmospheric CO2 in
both the 1980 and 1989 cases (Figures 21a and 21b), while
the Beaufort shelf was a source in the former and a sink in

Figure 5. The horizontal currents (cm s�1) at a depth of �30 m on 30 September (a) 1980 and (b) 1989.

C05031 WALSH ET AL.: DECADAL FORCING OF MARINE FOOD WEBS

9 of 30

C05031



the latter. A surface seawater pCO2 of 248 uatm
was simulated near 155�W on the Beaufort shelf on
30 September 1989 (Figure 21b), where �250 uatm was
measured during September 2000 [Murata and Takizawa,
2003]. These surface sea water values are lower than the
atmospheric pCO2 amounts of 362 uatm found above
Barrow, Alaska and the Chukchi Sea in 2001 [Murata
and Takizawa, 2003] and still smaller than the 315 uatm
sampled earlier above the Bering Sea in 1968 [Kelley and
Hood, 1971].
[33] At the same location, the model’s estimate of

pCO2 was 375 uatm on 30 September 1980 (Figure 21a),
however, when outgassing would have instead prevailed,
as in slope waters of the Canadian Basin during both
years. We attribute these interannual differences in DIC
stocks and thus pCO2 of surface seawater on the Beaufort
shelf to a combination of increased eastward advection

(Figure 5) of well-lit (Figure 10), nutrient-impoverished
(Figures 8–9), CO2-depleted, plankton-rich residues
(Figures 12, 14, and 19) and prior, upstream primary
production (Figure 11) during the cyclonic phase of
warmer temperatures (Figure 7), i.e., when the solubility
of CO2 gas would be less, and thus the pCO2 of surface
waters should be larger, not smaller as observed [Murata
and Takizawa, 2003]. The shelf-wide mean contribution
of advection to these changes is discussed in the last
section of the paper.
[34] These simulations do not allow a complete analysis

of shelf export, however, since we did not attempt to
incorporate the nitrate/silicate contents of the Anadyr plume
beyond the shelf break as part of the initial conditions, and
we considered only the August and September time frame.
Seaward propagation over time of unknown winter con-
ditions at Bering Strait thus remains unresolved, such that

Figure 6. The fields of salinity at a depth of �30 m on 30 September (a) 1980 and (b) 1989.
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total amount of export of all dissolved materials is an
unanswered question. The present results of these models
on 30 September (Figures 22a and 22b) do not replicate the
export of unutilized, relict winter stocks of silicate and
nitrate, found in AW at a depth of 60 m along the slope
in 1997 (Figures 3c and 3d).
[35] Above the 2000-m isobath, the isopleth of �7 umol

NO3 kg
�1 in the cyclonic case of September 1989 extended

east past 150�W into the Beaufort Sea (Figure 22b), as
measured (Figure 3c) in ACW (Figures 3a and 3b) during
September 1997 but not simulated in the anticyclonic
scenario of 1980 (Figure 22a). Farther west past 175�W in
the Chukchi Sea,�12 umol NO3 kg�1 was simulated during
September 1989 above the �100-m isobath (Figure 22b)
but observed at the �1000-m isobath in 1997 (Figures 3c
and 3g). Since this region of the Chukchi Sea is usually
light-limited (Figure 10b), the fidelity of the present model

was otherwise excellent, until future global warming melts
more of the ice pack!

4. Discussion

[36] Any long-term change in prey availability to whales
[Schell, 2000] may just reflect a spatial dislocation of the
plankton transfer of nutrient supplies up the food web
during decadal shifts of flow fields, from anticyclonic
regimes to cyclonic ones, associated perhaps with a more
positive AO since 1900 [Kerr, 1999]. To evaluate the
importance of advection within the Chukchi/Beaufort Seas,
we constructed carbon budgets (Figures 23a and 23b) of
each term of the state equations in Appendix A for the time-
dependent behavior of the model’s variables of living
plankton POC (the sums of all algal groups and of the
bacteria), the zooplankton pellets as detrital POC in the

Figure 7. The fields of temperature (�C) at a depth of �30 m on 30 September (a) 1980 and (b) 1989.
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water column, the sum of monomeric and macromolecular
DOC, and the DIC.
[37] Averaged over the Chukchi/Beaufort shelves of

<220 m depth during September 1980 and 1989, for
example, the model results suggest that both regions were
an atmospheric CO2 sink of 95.9–145.9 mg C m�2 day�1

(Figures 23a and 23b). The modeled system is not in steady
state over this time frame; 34% of both September 1980 and
1989 production went to an increase in standing stocks of
the phytoplankton functional groups and the remaining 66%
to other compartments of the system. Consequently, in the
two cases of the model, their September water column
inventory of DIC increased at rates of 8.0–145.9 mg DIC
m�2 day�1. Of these increases, only 3.8–9.5%, or a mean
of 6.7% of the September DIC increment, were attributed to
advective losses or gains. Note that the increased biological

draw down of CO2 during alleviation of light limitation
within the stronger flow regime of less ice cover during
1989 led to a mean September net production of 345.6 mg C
m�2 day�1 in 1889, compared with 183.3 mg C m�2 day�1

in 1980 (Figures 23a and 23b).
[38] During 1980, 48% of the primary production was

consumed by herbivores, with 11% and 7% lost to DOC and
the sediments respectively. In 1989, 46% was harvested by
herbivores with 15% and 5% directed to DOC and the
sediments. The greater relative DOC yield in 1989 was due
to higher prymnesiophyte primary production and their
greater excretion rates, in comparison to those of the
diatoms or microflagellates (Table 2). The increase of
DOC excretion during 1989 fueled a corresponding increase
of 16% in heterotrophic production of the bacterioplankton
that year. Of the bacterial secondary production, 92% and

Figure 8. The fields of nitrate (umol NO3 kg
�1) at a depth of �30 m on 30 September (a) 1980 and

(b) 1989.
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90% was respired during 1980 and 1989, respectively, with
about 25% of their carbon increment of secondary produc-
tion taken by predators of the microbial web.
[39] Only the long-lived particles of ungrazed phyto-

plankton, with relatively low respiration and consumption
losses, remained within the water column for a sufficient
time to experience significant transport, such that a mean
7.5% of their net September daily POC increment of all
stocks was effected by water movement in 1980 and 1989,
compared with 4.3% for the fast settling fecal pellets and
1.7% for the bacterioplankton (Figures 23a and 23b). Food
web changes, rather than advective ones, may thus have
greater consequences in future Arctic responses to global
climate oscillations.
[40] With respect to the grazers of similar and larger

particle size, about 48% and 51% of the combined herbivore
grazing stress was respired to DIC, with 30% and 33%

converted to particulate detritus in 1980 and 1989, respec-
tively. The relatively higher release of DOC from ‘‘sloppy’’
grazers in 1980, 22% versus 16%, was due to the higher
fraction of copepod versus protozoan grazing stresses in
1980. The cycling of carbon by carnivores was as pre-
scribed: 50% of their consumption returned as DOC, 30%
became fecal pellets, and 20% was respired.
[41] We are pleased with most of the results of our

coupled models that match prior observations of phyto-
plankton biomass and species composition, nutrient utili-
zation and regeneration, and shelf export of DOC and
POC, suggesting that years of cyclonic flow regimes led to
a twofold areal increase of fall primary and secondary
production, which was evidently not stored in the shelf
sediments (Figures 23a and 23b). The sediment and DOC
pools of carbon experienced a net loss for the month of
September in both 1980 and 1989, while the detritus and

Figure 9. The fields of silicate (umol SiO4 kg
�1) at a depth of �30 m on 30 September (a) 1980 and

(b) 1989.
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DIC pools gained. The 52% increment of CO2 influx to the
water column from air-sea exchange in 1989 was a
consequence of the higher net autotrophic production,
since the solubility pump of warmer temperatures in
1989 actually retarded the storage of CO2 gas [Peng et
al., 1987]. The greater biological uptake and invasion of
CO2 was offset by the higher total respiration rates of the
sediment and water column biota, however, such that a
smaller rate of increase of DIC stocks occurred in Sep-
tember 1989 than during the same month of 1980.
[42] Overall, 300 mg C m�2 day�1 of organic carbon was

lost from the Chukchi and Beaufort shelves in September
1980, with an increase to about 1800 mg C m�2 day�1

during the same month of 1989. In both cases, this export
represented a very small fraction of the initial pool of
organic carbon. Moreover, the accumulation of fall POC in
the shelf water column and the draw-down of DOC may
most likely be due to deficiencies in modeling the ex-

change of POC and DOC across the sediment-water
interface, a problem which was exacerbated by the poor
resolution of the model in the vertical coordinate. Yet the
future impact of offshore advection of settling shelf export
from well-lit, ice-free regions to the south of the Canadian
Basin may depend more upon how the unutilized winter
supply of Pacific nutrients will be removed by which
groups of phytoplankton at the Basin borders.
[43] A PN/chl (umol/ug) ratio of 0.6 [Walsh et al., 1978]

and a PN/PSI (umol/umol) ratio of 1.0 [Brzezinski, 1985]
for diatom blooms suggest that the observed fall export of
5–6 ug chl l�1 within AW at 60-m depth near 173�W
(Figure 3f ) is equivalent to a net removal in particulate form
of 3–4 umol kg�1 of both dissolved nitrate and silicate. The
model results suggested a similar amount of 4–5 ug chl l�1

near 173�W, at a depth of 60 m on the outer shelf
(Figure 19b), where diatoms were dominant (Figure 20b).
Such inferred nutrient stock reductions are consistent with a

Figure 10. The imposed surface ice cover (%) at a the end of September (a) 1980 and (b) 1989.
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seasonal difference of 3–4 umol kg�1 between nitrate and
silicate maxima of AW found by submarine on the upper
Chuchi slope during September 1997 (Figures 3c and 3d)
and March 1991 [McRoy, 1999] and 1995.
[44] Note that in the warmer, less saline ACW of 5�C

and 31.5 salinity (Figures 3a and 3b), however, only
0.2 umol NO3 kg�1 (Figure 3c), in contrast to 4.1 umol
SiO4 kg

�1 (Figure 3d), were left behind at a phytoplankton
biomass of �1.5 ug chl l�1 near 150�W (Figure 3f). A NO3/
SiO4 utilization ratio of <0.1, instead of �1.0 for diatoms
[Brzezinski, 1985], suggests that nonsiliceous forms were
then the dominant functional groups of exiting phytoplank-
ton, within some regions of the Beaufort Sea, during 1997.
Here the cyclonic case of the model also yielded a simulated
biomass of �1.5 ug chl l�1 at a depth of 60 m near 150�W
(Figure 19b), while microflagellates then become the
dominant functional group of phytoplankton at �147�W

(Figure 20b), since the competitive advantage of shade-
adapted prymnesiophytes was offset by the model’s large
DOC secretion rate of Phaeocystis [Walsh and Dieterle,
1994].
[45] Phaeocystis pouchettii is now relatively rare

(<1 ug chl l�1) in shallow regions of the Bering and
Chukchi Seas [Walsh, 1995], compared with stocks of
>10 ug chl l�1 within the deeper Greenland and Barents
Seas [Smith et al., 1991; Wassman et al., 1990]. Light
limitation within deep surface mixed layers (SML) that do
no intersect the bottom may favor the shade-adapted
prymnesiophytes there [Sakshaug and Walsh, 2000]
and in Antarctic waters, where spring populations of
Phaeocystis antarctica bloom first [Perrin et al., 1987;
Davidson and Marchant, 1992]. They win in deep SML
of Southern Ocean models [Walsh et al., 2001; Arrigo et
al., 2003], unless significant grazing by protozoans is

Figure 11. The depth integrals of net primary production (mg C m�2 day�1) on 15 September (a) 1980
and (b) 1989.
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imposed on the single-cell stages, after krill disperse the
colonial forms [Walsh et al., 2001].
[46] The model’s initial condition of protozoan biomass

(Table 3) is the maximum value of those usually found in
either the Southern Ocean [Leakey et al., 1994] or the
southeastern Bering Sea [Howell-Kubler et al., 1996], but
the role of local euphausiids in breaking up colonies of
Phaeocystis pouchettii in the Chukchi/Beaufort Seas is
unknown. Since tenfold larger stocks of protozoans were
found during the 1999 coccolithophore bloom [Olson and
Strom, 2002], however, we exerted a maximal grazing loss
on the prymnesiophytes, with our assumptions that the
single-cell form of Phaeocystis (Pps) was 90% of their total
biomass and thus subject to consumption by protozoan
herbivores. Future reductions of ice cover over deeper
regions of the Chukchi shelf may thus result in greater
utilization of untapped winter nutrients by low light-

adapted, poorly-grazed prymnesiophytes [Matrai et al.,
1995; Hansen et al., 1994], whose large colonies of 1–
2 mm diameter may settle out on the slope, in contrast to the
present rain of diatoms at mid-shelf. First, we must account
for unknown spring utilization of the winter nutrient fields
[Cooper et al., 1997] in a hindcast mode, and then remove
all ice cover in a forecast mode, with our next series of
coupled model experiments.

Appendix A: State Equations of the Ecological
Models

[47] The ecological models are partitioned in the vertical
dimension, z, as a plankton one within an upper water
column module of 39 layers of variable thickness, with a
maximum bottom depth of 4500-m, and a benthic one,
consisting of a well-mixed, 1-cm thick sediment layer. The

Figure 12. The fields of total phytoplankton biomass (ug chl l�1) at a depth of 2.5 m on 30 September
(a) 1980 and (b) 1989.
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18 explicit state variables are defined in Table 1. The
processes affecting their change over time, t, and space, x,
y, z, are first described by the following equations for the
water column, where the parameter values are given in
Table 2:

@Pd

@t
¼ Tr Pdð Þ � @

@z
wdPdð Þ þ gd � ed � yd � hdð ÞPd � gdGc

ðA1Þ

@Pf

@t
¼ Tr Pf

� �
� @

@z
wf Pf

� �
þ gf � ef � yf � hf
� �

Pf � gf Gm
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Pp � gpGm
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@Zm
@t

¼ Tr Zm
� �

� @

@z
wzmZm
� �

þ 1� am � fm
� �

gp þ gf
� �

Gm

þ 1� ab � fbð ÞmB� hmZm ðA8Þ

@NH4

@t
¼ Tr NH4ð Þ þ N=Cð Þr

�
acgdGc þ am gp þ gf

� �
Gm

�
X
i

giNH4
Pi

�
þ N=Cð Þ bþ abm½ 
Bþ b

�
N=Cð Þb

� N=Cð Þr
	�

1� ab � fbð Þ þ fb

	
mB� X1 ðA9Þ

@NO3

@t
¼ Tr NO3ð Þ � N=Cð Þr

X
i

giNO3
Pi þ X1 ðA10Þ

@SiO4

@t
¼Tr SiO4ð Þ þ Si=Cð Þr

�
ac þ fcð ÞgdGc þ hd � gdð ÞPd

þ hcZc
	

ðA11Þ

@DIC

@t
¼ Tr DICð Þ þ

X
i

ei � gið ÞPi þ acgdGc þ am gp þ gf
� �

Gm

þ B bþ abmð Þ þ B g3 þ g4ð Þ 1� C=Nð Þb= C=Nð Þr
� 	� �

ðA12Þ

@Gc

@t
¼ � @udGc

@x
� @vdGc

@y
ðA13Þ

@Gm

@t
¼ � @udGm

@x
� @vdGm

@y
: ðA14Þ

[48] The ‘‘Tr(..)’’ terms represent physical advective and
diffusive transport:

Tr Að Þ ¼ � @

@x
uAð Þ þ @

@y
vAð Þ þ @

@z
wAð Þ

� �
þ @

@z
Kh

@A

@z


 �

ðA14aÞ

where the last term is the vertical diffusive transport and A
is any of the above state variables, except Gc and Gm. The
importance of these advective terms, in relation to the other
ones, is considered in the carbon budgets of Figures 23a and
23b. Along the solid coastal boundaries, the horizontal
velocities of u, v and mean layer flows of ud, vd are zero,
resulting in a no-flux condition. The vertical velocity, w, is
set to zero at the bottom of the water column. Advection
through the air-sea interface is also set to zero and no
account is taken of the change in the volume of surface grid
cells owing to time-dependent free surface height changes.
Because of the strong implicit horizontal diffusion in the
numerical algorithm for advective transport, we ignore
explicit horizontal turbulent mixing and model only the
vertical component.
[49] The settling velocities for diatoms and Phaeocystis,

wd and wp, are functions of their respective biomass,
whereas wf for microflagellates and wzc, wzm, for copepod
and protozoan fecal pellets are constant (Table 2). The
subscript ‘‘r’’ refers to the excess of carbon over nitrogen,
or carbon over silicon, in all organic matter, except bacteria,
where the subscript ‘‘b’’ is used. Subscript ‘‘r’’ denotes the
Redfield ratio. These ratios and all other model parameters
are given in Table 2.
[50] These parameter values determine, of course, the

outcome of competition in this Arctic adaptation of our
previous polar model of similar Antarctic phytoplankton
communities, in which a prior sensitivity analysis of over
100 simulation cases of the one-dimensional form was
performed. Drawing upon extensive field observations of
similar genera in the Southern Ocean, we start with an
observed light saturation intensity, Is (Table 2), of 25 watts
PAR m�2 (�110 mE m�2 s�1) for near-ice stocks of
Phaeocystis in the Ross Sea [Palmisano et al., 1986], where
they outcompete diatoms in deep SML [Arrigo et al., 2003];
their cultures yield maximum net growth rates of
�0.2 day�1 at 0.0�C [Verity et al., 1991], as much as
40% excretion rates [Reid et al., 1990], and similar shade-
adapted Is [Matrai et al., 1995].
[51] Since Sun-adapted diatom communities, with higher

Is, are instead typical of shallow polar SML of 20–40 m
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thickness [Platt et al., 1982; Sakshaug and Holm-Hansen,
1986], we instead use 45 watts PAR m�2 for this group, as
found for the total phytoplankton community of the Barents
Sea [Rey, 1991] and used in our prior models of the Bering/
Chukchi Seas [Walsh and Dieterle, 1994; Walsh et al.,
1997]. When Cryptomonas was the dominant phytoplank-
ton in the Bransfield Strait, however, an intermediate Is of
�35 watts m�2 was observed [Figueiras et al., 1994]
compared with higher values of Is assumed for the model’s
diatoms and lower ones for Phaeocystis (Table 2). We
realize that all polar phytoplankton are capable of light-
adaptation, with a wide range in realized Is, e.g., much
higher values of �53–66 watts m�2 have been found for
other culture studies [Verity et al., 1991] and field popula-
tions [Cota et al., 1994] of Phaeocystis.
[52] Indeed, similar net realized growth rates of both

diatoms and Phaeocystis in the Barents Sea [Vernet et al.,

1998] suggest that their different loss rates will instead
determine the outcome of their competition in the ‘‘real
world’’ as well as in our model. However, since the ultimate
fate of primary production within Arctic food webs, pro-
duction of muscilaginous DOC by Phaeocystis colonies or
consumption of diatoms by copepods, may be determined
by which functional group dominates the base of the food
web [Sakshaug and Walsh, 2000], we wished to explore
which future western Arctic habitats, if any, might favor the
shade-adapted prymnesiophytes of the Southern Ocean
[Walsh et al., 2001; Arrigo et al., 2003], the Greenland
Sea [Cota et al., 1994], and the Barents Sea [Sakshaug,
2004].
[53] Most diatoms have relatively low excretion rates of

�4% [Reid et al., 1990], but their respiration rates may be
as much as �19% of the daily gross production at �1.5�C
in mesocosms [Keller and Riebesell, 1989]. Indeed, using

Figure 13. The dominance of phytoplankton functional groups of microflagellates, diatoms, and
prymnesiophytes at a depth of 2.5 m on 30 September (a) 1980 and (b) 1989.

C05031 WALSH ET AL.: DECADAL FORCING OF MARINE FOOD WEBS

18 of 30

C05031



measured depth-integrals of the respiration rates [Aristegui
and Montero, 1995] of their field populations in Bransfield
Strait, a prior budget [Walsh et al., 2001] of their respiratory
demands, in addition to their assumed small DOC fluxes to
assess the likely values of ei and yi within equations (A1)–
(A3), (A5)–(A6), and (A12), found that a respiration flux of
as much as �20% of their gross primary production was
required. We assume a conservative respiration rate of 10%
for diatoms, and lower values of respiration for the more
shade-adapted flagellates and prymnesiophytes in this anal-
ysis (Table 2).
[54] Finally, within the sediment layer, the state variables

of non-siliceous and siliceous particulate sediment carbon,
Sp and Sps, are both described by:

@Sp;ps
@t

¼ Kb

@2Sp;ps

@z2s
� lSp;ps ðA15Þ � ðA16Þ

where Kb is the bioturbation coefficient and l is the decay
constant. Kb is a function of bottom temperature [Walsh and
Dieterle, 1994], supplied by the physical model.
[55] The last two state variables of sediment dissolved

inorganic carbon and silicate are governed by:

@Ds

@t
¼ Km

@2Ds

@z2s
þ lSp þ lSps ðA17Þ

@DSIO4

@t
¼ Km

@2DSIO4

@z2s
þ lSps; ðA18Þ

where Km is the porewater molecular diffusivity (Table 2).
As described in the section on vertical boundary conditions,
dissolved recycled nitrogen, i.e., ammonium and nitrate, in
the sediments are implicit variables, assuming a Redfield
C/N ratio of source Ds + DOC/DON.

Figure 14. The fields of total phytoplankton biomass (ug chl l�1) at a depth of �30 m on 30 September
(a) 1980 and (b) 1989.
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[56] The algal growth terms of equations (A1)–(A3) and
(A9)–(A12) are given by

gi ¼ min ci
L t; zð Þ
Lis

exp 1� L t; zð Þ
Lis


 �
; gi;N ; gi;sio3

� �
ðA19Þ

gi;N ¼ ci max
NO3

kiNO3
þ NO3

;
NH4

kiNH4
þ NH4

� �
ðA20Þ

gi;SIO4
¼ ci

SIO4

kiSIO4
þ SIO4

; ðA21Þ

where subscript ‘‘i’’ is d, f, or p for diatoms, microfla-
gellates, and Phaeocystis respectively. The maximum

growth rates of each functional group, ci, are functions of
temperature [Epply, 1972]. The half saturation constants,
kiNO3

, kiNH4
, and kiSIO4

, for the three groups are given in
Table 2, as is the Si/C ratio of diatoms [Brzezinski, 1985].
[57] Ice may overly only a fraction of the 9-km wide

model grid cells. Thus the light-regulated component of
phytoplankton growth within any model grid cell is calcu-
lated as the weighted averaged of their growth in open
water, multiplied by the percentage of open water in the grid
cell, and their growth under ice, multiplied by the percent-
age of ice cover.
[58] In open water, the fraction of surface PAR penetrat-

ing to depth, z, is described [Fasham et al., 1983; Taylor et
al., 1991] by:

Iw zð Þ ¼ Rbe
� kb wð Þþkmð Þz þ 1� Rbð Þe�kr wð Þz

h i
e�kcz ðA22Þ

Figure 15. The fields of bottom debris (umol C kg�1) of phytodetritus and fecal pellets of copepod,
protozoan, and carnivorous origin on 30 September (a) 1980 and (b) 1989.

C05031 WALSH ET AL.: DECADAL FORCING OF MARINE FOOD WEBS

20 of 30

C05031



where Rb is the fraction of surface light in the blue-green
wavelengths. The attenuation coefficients km and kc are
computed as

km ¼ ky

z

Z z

0

DOC1 þ DOC2ð Þdz ðA23Þ

kc ¼
1

z

Z z

0

kdPd þ kf Pf þ kpPp

� �
dz; ðA24Þ

with the values of the other attenuation coefficients, and Rb,
given in Table 2.
[59] Ice is assumed to be capped by a layer of snow, with

a layer of ice algae at its undersurface [Smith, 1995]. The

fraction of light penetrating to the water interface is given
by:

Iice ¼ Rbe
� kb sð Þz sð Þþkb ið Þz ið Þ½ 
 þ 1� Rbð Þe� kr sð Þz sð Þþkr ið Þz ið Þ½ 


h i
e�k að Þz að Þ;

ðA25Þ

where the attenuation coefficient for ice algae, k (a), is set
to 0.38 m�1 and z (a) = 1 cm [Smith, 1995]. The
attenuation coefficients for blue-green and red light in ice
and snow are 2,15 m�1 and 4, 35 m�1 respectively
[Wadhams, 2000]. Snow and ice thicknesses are set at
2.0 and 0.1 m respectively. Given this set of snow/ice
parameters, only 0.2% of surface PAR passes through to
the surface of the model’s water column when covered by
ice (Figure 10).

Figure 16. The fields of ammonium (umol NH4 kg
�1) at a depth of �30 m on 30 September (a) 1980

and (b) 1989.
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[60] The daily average PAR, Ip, was first prescribed as a
function of latitude and longitude, using 50% of the NCEP
reanalysis [Kistler et al., 2001] monthly mean net surface
shortwave fluxes. These were interpolated to the model grid
from the coarser 2.5 degree resolution of the NCEP data set.
The ice fields were also interpolated from the end-of-month
sea-ice cover distributions [Chapman and Walsh, 1993],
with an Arctic resolution of 60 nautical miles.
[61] Light at the surface is also a function of time of day.

It was next calculated, assuming a sinusoidal distribution
over the photoperiod as

L t; 0ð Þ ¼ Im sin pts=Dð Þ ðA26Þ

where ts is time since sunrise, D is the photoperiod, 0 < ts/D <
1, and Im = 24 Ip(p/2D). The light field at depth, z, in each

algal growth term is L(t, z) = L(t, 0)Iw for open water, and
L(t, z) = L(t, 0)IwIice under ice.
[62] The bacterial growth terms, g3, g4, of equations (A4),

(A7), and (A8) are

g3 ¼ cb
DOC1

kDOC þ DOC1

ðA27Þ

g4 ¼ 0:4cb
DOC2

kDOC þ DOC2

; ðA28Þ

where the half-saturation constant kDOC is 0.83 umol kg�1

(Table 2). The maximum bacterial growth rate, cb, is a
function of temperature as is bacterial mortality, m
(Table 2). Only 40% of the macromolecular DOC2 is

Figure 17. The fields of the sum of monomeric and macromolecular dissolved organic carbon (umol
DOC kg�1) at a depth of �30 m on 30 September (a) 1980 and (b) 1989.
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considered to be labile [Walsh and Dieterle, 1994]. The
photolysis of DOC2 to more usable DOC1, X2, is a zero
order rate term applied in the upper 5 m of the water column
within open water during daylight hours (Table 2).
[63] Grazer stocks, Gc and Gm, change only through

advection by the mean layer flow, ud, vd, since their
biological growth and loss processes are assumed to be in
balance and they may migrate daily over the water column.
The rate at which diatoms are grazed, gd, (Table 2), is twice
the daily ration (as percent body carbon) of copepods, Gc,
because 50% of the food encountered is presumed to be lost
during ‘‘sloppy feeding.’’ Copepod grazing is restricted to
the upper 200-m of the model’s water column.
[64] Protozoans, Gm, graze both microflagellates and

single-cell Phaeocystis (Pps). In these scenarios, Pps is
assumed to be 90% of the total Phaeocystis biomass to

impose maximal grazing losses on the prymnesiophytes
[Walsh et al., 2001]. The daily ration of protozoans changes
as a function of food availability, gm = z(Pf + Pps), where z is
in units of umole kg�1 day�1. They graze the most abundant
food first, and then the least abundant prey item to satisfy
their food requirements. Protozoan grazing is restricted to
the upper 100 m of the water column. No grazing by
protozoans or by copepods is imposed on algal concen-
trations of less than 0.05 ug chl l�1 of each algal group to
establish prey refugia.
[65] The nitrification rate, X1, in the water column is

expressed by

X1 ¼ 0:04
NH4

kNIT þ NH4


 �
ðA29Þ

Figure 18. The fields of the sum of monomeric and macromolecular dissolved organic carbon
(umol DOC kg�1) at a depth of �60 m on 30 September (a) 1980 and (b) 1989.
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where 0.04 umole N kg �1 day�1 is the maximum rate
[Walsh and Dieterle, 1994]. In the sediments, benthic
nitrification is assumed to be 20% of the DON released
from PON sources of the settling phytodetritus and fecal
pellets that survive descent though the water column.

A1. Boundary Conditions in z

[66] The settling velocities of equations (A1)–(A3) and
(A7)–(A8) are identically zero at the air-sea and water-
sediment interfaces. The diffusive fluxes are also set to zero
at the air-sea interface in equations (A1)–(A11), whereas
for equation (A12),

Kh

@DIC

@z


 �
0

¼ WgasCco2 pCO2ð Þair� pCO2ð Þ0
� 	

; ðA30Þ

where Wgas = 5.55 � 10�5 m s�1 is the piston velocity
for open water, assuming a wind speed of 5 m s�1. The
piston velocity for gas transfer through ice is assumed to
be 25% of the open water value, such that the total flux
is a weighted average over open water and under ice
cover.
[67] The model’s partial pressure of CO2 in air (pCO2)air

is constant at 365 uatm, similar to that observed in Septem-
ber 2000 [Murata and Takizawa, 2003]. In the top layer of
the water column (pCO2)0, as well as the solubility of CO2

in seawater, Cco2, is calculated [Peng et al., 1987] as a
function of temperature and salinity. For the alkalinity we
assume a constant value of 2200 ueq kg�1 over the model
domain, which corresponds to a salinity of 31.82, if alka-
linity is related to salinity, S, by 2419.7 (S/35)[Murata and
Takizawa, 2003].

Figure 19. The fields of total phytoplankton biomass (ug chl l�1) at a depth of �60 m on 30 September
(a) 1980 and (b) 1989.
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[68] A global relationship of salinity and alkalinity
[Millero et al., 1998] was initially employed, because it
matched the Arctic Ocean Section (Figure 1) data quite well
[Swift et al., 1997]. Surface salinity of the physical model
ranged over �18.5 to �32.5, however, such that the calcu-
lated pCO2 values were out of range. We obtained more
reasonable results, by assuming a constant salinity of�32 for
our pCO2 calculations. A salinity of 32 yields an alkalinity of
about 2200 from prior observations [Murata and Takizawa,
2003; Fransson et al., 2001].
[69] At the water-sediment interface, the boundary con-

ditions for equations (A2)–(A3) and (A8) are

Kh

@A

@z
¼ Kb

@Sp
@zs

¼ Kb

Sp wð Þ � Sp
� 	

0:5 dz wð Þ þ dz sð Þ½ 

A dð Þ
Sp wð Þ ðA31Þ � ðA33Þ

where A is either Pf, Pp, or Zm. Here, A(d) is the value in the
bottom layer of the water column, while Sp(w) = (Pf(d) +

Pp(d) + Zm(d)), dz(w) is the thickness of the bottom layer in
the water column, and dz(s) is the thickness of the sediment
layer.
[70] Similarly, for equations (A2) and (A7):

Kh

@A

@z
¼ Kb

@Sps
@zs

¼ Kb

Sps wð Þ � Sps
� 	

0:5 dz wð Þ þ dz sð Þ½ 

A dð Þ
Sps wð Þ ;

ðA34Þ � ðA35Þ
where A is Pd or Zc. Particulate material is constrained to
move from the water column to the sediments via mixing
from bioturbation, Kb as a function of the model’s bottom
temperature (Table 2), such that at shelf temperatures of
�1.8�C to + 6.3�C (Figure 7), the biotic inward transport of
debris on the Chukchi shelf is always at a bioturbation rate
of >0.1 cm2 yr�1 [Smith et al., 2003], while particulate
fluxes directed out of the sediment are set to zero, i.e.,
ignoring resuspension events.

Figure 20. The dominance of phytoplankton functional groups of microflagellates, diatoms, and
prymnesiophytes at a depth of �60 m on 30 September (a) 1980 and (b) 1989.
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[71] Sediment dissolved organic carbon is assumed to be
macromolecular DOC2, such that the flux of monomeric
DOC1 from the sediments is zero. The DOC2 flux for the
lower boundary condition of equation (A6) is

Kh

@DOC2

@z
¼ Km

@Ds

@zs
¼ Km

DOC2 wð Þ � Ds½ 

0:5 dz wð Þ þ dz sð Þ½ 
 ðA36Þ

where DOC2(w) is again the concentration of DOC2 in the
bottom layer of the water column.
[72] The bottom condition on silicate of equation (A11) is

similarly

Kh

@SIO4

@z
¼ Km

@DSIO4

@zs
¼ Km

SIO4 wð Þ � DSIO4½ 

0:5 dz wð Þ þ dz sð Þ½ 
 : ðA37Þ

The flux of DIC from the sediments is set equal to the flux
of DOC2 to satisfy the boundary condition of equation (12).
Assuming a Redfield balance of nitrogen to carbon atoms,
the lower boundary conditions of equation (9) and (10) are
also described by:

Kh

@NH4

@z
¼ fs NH4ð Þ N=Cð ÞrKh

@DIC

@z

� �
ðA38Þ

Kh

@NO3

@z
¼ fs NO3ð Þ N=Cð ÞrKh

@DIC

@z

� �
; ðA39Þ

where fs(NH4) = 0.8 and fs(NO3) = 0.2, i.e., ammonification
is the main fate of DON in the model sediments. The fluxes
out through the bottom of the sediment layer are zero for all

Figure 21. The partial pressure (utam) of carbon dioxide (pCO2) within surface sea water on
30 September (a) 1980 and (b) 1989.
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variables, i.e., ignoring long-term burial [Banahan and
Goering, 1986; Smith et al., 2003].

A2. Initial Conditions: Sediment Layer

[73] The horizontal boundary conditions, as well as the
initial conditions of variables in the water column, are given
in Table 3. Within the sediments, the initial conditions for
particulate carbon are Sp = Sp(w) and Sps = Sps(w). Initial
values for interstitial DIC, Ds, and silicate, DSIO4, beneath
the Anadyr Plume are calculated from

Ds ¼ DOC2 wð Þ � 6:0= Km= 0:5 dz wð Þ þ dz sð Þ½ 
ð Þf g ðA40Þ

DSIO4 ¼ SIO4 wð Þ � 0:7= Km= 0:5 dz wð Þ þ dz sð Þ½ 
ð Þf g ðA41Þ

Elsewhere, they are

Ds ¼ DOC2 wð Þ � 1:0= Km= 0:5 dz wð Þ þ dz sð Þ½ 
ð Þf g ðA42Þ

DSIO4 ¼ SIO4 wð Þ � 0:15= Km= 0:5 dz wð Þ þ dz sð Þ½ 
ð Þf g ðA43Þ

[74] The initial sediment effluxes of 6.0 mmole C m�2

day�1 or a nitrogen flux of 0.9 mmole N m�2 day�1

(0.7 mmole NH4 m
�2 day�1 + 0.2 mmole NO3 m

�2 day�1)
assume a Redfield ratio, using previous measurements
[Walsh et al., 1989; Henriksen et al., 1993; Devol et al.,
1997], as well as observations of 0.7 mmole SiO4 m

�2 day�1

[Banahan and Goering, 1986]. Lower initial nutrient fluxes
were assumed for the remainder of the model’s domain,
underlying nutrient-poor Alaska Coastal Water.

Figure 22. The fields of nitrate (umol NO3 kg
�1) at a depth of �60 m on 30 September (a) 1980 and

(b) 1989.
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