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Abstract

The most prominent climate trends resulting from global climate warming in the southeastern Bering Sea,
reduced sea ice cover and rising seawater temperature, have profound impacts on lower trophic level
production and fishery production. Some explanatory hypotheses relating sea ice variability to marine
ecosystems have been proposed, but have not been studied through a coupled ice-ocean ecosystem model
yet. This study established a coupled ice-ocean ecosystem model including both pelagic and sea ice
habitats, based on the existing pelagic ecosystem model for the Bering Sea and the ice-ocean ecosystem
model for offshore Barrow. The model equations and parameters were studied for 1-D and 3-D
applications. Model sensitivity studies and long-time simulations enable us to investigate ecosystem
processes and how each ecosystem component responses to physical environmental change.

Our 1-D model application successfully reproduced the observed ice-associated blooms in 1997 and 1999
at the NOAA/PMEL mooring M2. The model results suggest that the ice-associated blooms were seeded
by sea ice algae released from melting sea ice. Model sensitivity studies reveal nitrification rate is an
important control on the dominant phytoplankton functional type, and the amount of nitrate in summer
bottom waters and in the winter water column. A several-decadal model run (1960-2004) show that
before 1977 primary production was dominated by ice algae in icy cold water with only light grazing,
favoring the bottom and benthos community. After 1977, primary production was dominated by open
water species of diatom and flagellates in later and warmer water with higher grazing and contributed

more toward upper ocean pelagic community.
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Study Chronology

This is a two-year project starting from June 1, 2006. We have submitted semi-annual progress reports for
NPRB in July 15, 2006, Jan. 15 and July 15 of 2007, Jan. 15 of 2008. We established a coupled ice-ocean
ecosystem model and investigated the ice-associated phytoplankton bloom in the Bering Sea that lead to
publish a paper in Geophysical Research Letter in 2007 that was featured in *‘AGU Journal Highlights’ in
EOS Vol 88, No 15. From 2007 to 2008, we continued research on nitrification process, how the model
can be applied in general 1-D and 3-D setting, and the long-term ecosystem response to climate changes
over the last four decades that lead to three more manuscripts written with two submitted and one in final
preparation now. Pls Jin and Deal chaired a session in the 2008 Ocean Science Meeting in Orlando on

March 2-7. Session title is “Ecosystem in sea ice influenced areas”

Introduction

Oceanic biology is an important component of the global climate system, yet many feedbacks between
marine biogeochemistry and climate remain poorly understood. A great deal of progress has been made
toward developing an understanding of physical forcing mechanisms and the response of biota over the
broad shelf of the eastern Bering Sea. Research programs such as Process and Resources of the Bering
Sea Shelf (PROBES), Inner Shelf Transfer and Recycling in the Bering and Chukchi Seas (ISHTAR),
Bering Sea Fishery-Oceanography Coordinated Investigation (FOCI), Southeast Bering Sea Carrying
Capacity (SEBSCC), Inner Fronts Study, and other ongoing programs, provide a wealth of observations
and interpretations with respect to all elements of the conceptual model. The observations have revealed
that the marine ecosystem of the Bering Sea has responded to climate changes that range from large-scale
climate regime shifts (e.g. Hare and Mantua, 2000; Hunt et al., 2002) to small-scale episodic weather
events (e.g. Bond and Overland, 2005).

The Oscillating Control Hypothesis (OCH), a widely recognized hypothesis proposed by Hunt et al.
(2002), predicts that pelagic ecosystem function in the southeastern Bering Sea will alternate between
primarily bottom-up control in cold regimes and primarily top-down control in warm regimes. Time
series (1995-2001) from a biophysical mooring (Stabeno et al., 2001) in the middle domain of the
southeastern shelf support the hypothesis that retreat of the winter sea ice before mid-March (or failure of
ice to be advected into the region) results in an open water bloom in May or June in relatively warm water
(>3°C). Conversely, when ice retreat is delayed until mid-March or later, an ice-associated bloom occurs

in cold (<0°C) water in early spring (Hunt and Stabeno, 2002). These variations are important because the



growth and production of zooplankton and the growth and survival of larval and juvenile fish are sensitive

to water temperature.

The above hypotheses explained directly or indirectly some of the changes of primary production that
have been observed in recent decades in response to climate changes, especially changes in the sea ice
cover. These changes have profound ‘bottom-up’ impacts on the abundance and species transitions of
certain zooplankton and adult fish that are also impacted by the fishing activities in the region in a ‘top-
down’ fashion. Sea ice related blooms in the eastern Bering Sea are important, not only because of their
contribution to the annual primary production, but also because of their ability to affect the timing,
magnitude and duration of the open water bloom later in the spring as mentioned in the above hypotheses.
The controls of the sea ice ecosystem are still poorly understood compared to those of the water column
ecosystem, due to scarce observations and complexities involving a number of environmental factors,
such as ice types and the patchiness of snow and ice thickness distribution. To test the OCH hypotheses,
we will investigate the underlying mechanisms by simulating and reproducing the biogeochemical and
physical processes using a coupled ice-ocean ecosystem model. The existing lower trophic level
ecosystem modeling studies in the eastern Bering Sea (e.g. Eslinger and Iverson, 2001; Merico et al.,
2004; Jin et al., 2006a) considered the impacts of physical forcing on the pelagic ecosystem, but these
ecosystem models did not include sea ice or ice algae components, and thus are inadequate for fully
testing the OCH hypothesis.

We propose a coupled ice-ocean ecosystem modeling study to test the OCH and other hypotheses in the
region to improve understanding of the feedbacks between marine ecosystem and climate; to quantify the
response of this ecosystem to climate change; and to provide recommendations and guidance for future
observations and modeling studies. Besides the large scale processes addressed by the OCH hypothesis,
small scale processes relevant to the OCH hypothesis will also be investigated. For example, how do the
ice algae move from the sea ice into the water, and within the water column? This is important because
the under-ice blooms at mooring site 2 were observed at 12m under the sea surface. We have no
information about the species comprising the bloom and their source; they could have come from the ice
algae released from the ice bottom, or they could be adapted species that can grow in low light in the
water. Before an investment is made in planning and carrying out more observations, these questions can
be investigated by a series of designed model sensitivity studies which can be very helpful in deciding

when, where, and which observations are needed.



Overall objectives

The proposed study will first establish a coupled ice-ocean ecosystem model for the southeastern Bering
Sea, then apply the model to decade-long time series data from the NOAA/PMEL biophysical mooring
site and try to examine the question of how the lower trophic level ecosystem changes in response to
climate change. Comparisons of the modeling results at the mooring site can help explain the question of
how the role of sea ice differs from north to south over the shelf. The proposed work is described in
detail as follows:

1) We will use the historical observational data to validate the coupled ice-ocean ecosystem
model and tune the model parameters to the southeastern Bering Sea, e.g., the ice algal growth rate,
transport between the water-ice interfaces, zooplankton grazing rate on the ice algae, sinking velocity of
ice algae in water, etc. The data we will use include the PROBES station data, data from the
NOAA/PMEL mooring sites 2 and 4, data from the World Ocean Atlas (WOAZ2001, from the NOAA web
site), Sea-viewing Wide Field-of-view Sensor (SeaWiFS) chlorophyll a concentration data, Advanced
Very High Resolution Radiometer (AVHRR) sea surface temperature (SST) data and various ship-board
cruise data. Most of the data were obtained during open water conditions and ice related blooms were
only captured by the 12m-depth fluorometer in 1995, 1997 and 1999 at mooring 2. Thus, the parameters
in the ice algal ecosystem submodel will be chosen mainly from similar model applications in other
comparable ice habitats. All other parameters will be given best-fit values according to the limited model-
data comparison.

2) We will conduct sensitivity studies of the impacts of physical and biological process variations
on the guantity and timing of primary production, nutrients cycling, species composition of phytoplankton,
carbon export to benthos, etc. Those process variations include variations in timing of sea ice cover, sea
ice thickness and concentration, water temperature, regeneration of nutrients, resuspension of nutrients
from benthos, etc. Some currently unknown processes will also be explored with sensitivity studies. For
example, a bloom 12m deep beneath the sea ice was captured by the NOAA/PMEL biophysical mooring
M2 in several years (e.g. 1995, 1997, 1999), but no concurrent measurement of sea ice and ice algae were
made to identify the species composition and mechanism of the bloom. Whether it is due to released ice
algae from the loose/melting bottom of the sea ice or whether it is due to certain adaptive species that can
grow in the icy seawater environment remains an open question. The numerical model studies can be
designed to explore various possibilities, and thus reduce the time and effort that must be devoted to
making expensive observations in the field. With these numerical studies, we will find out how predictive
the model is for currently available observations, and in what ways the model needs to be improved. We
will provide recommendations on how, when and which observations can most effectively be made to

ensure that they contribute to improving our understanding of the Bering Sea ecosystem.



3) We will conduct a multi-year (1960-2005) model run for the NOAA/PMEL mooring site 2
using the optimized model parameters obtained in the first step. Our focus will be on the period with
observations, especially when mooring 2 data are available, because this time period contains both cold
years with sea ice cover (e.g. 1995, 1997, 1999) and warm years without sea ice cover (e.g., 1996, 1998,
2000-2005). The most prominent climate trends resulting from global climate warming in the
southeastern Bering Sea, reduced sea ice cover and rising sea water temperature, are also significant
during this time period.

4) The results of the multi-year run, e.g. the modeled ice algal and phytoplankton primary
production, mixed-layer depth, nutrients concentrations etc., will be compared with observations.
Statistical correlations between the model and data will be analyzed to seek response of the ecosystem
variability to the climate variability from both large scale climate patterns (Pacific Decadal Oscillation
(PDO), Arctic Oscillation (AO) index etc.) to small local scale physical environment variability (sea ice
cover, water temperature, wind, net short wave radiation etc.). Similar statistics will also be conducted to

examine the impacts of the lower trophic level variability on the variability of fish harvest in the region.

Manuscripts

We have written four manuscripts during the project period. The first one is published in Geophysical
Research Letter in 2007. The second and third were publisheded in Chinese Journal of Polar Research,
and the forth was published in Journal of Geophysical Research.

They are listed here as four chapters:

Chapter 1: Ice-associated phytoplankton blooms in the southeastern Bering Sea

Chapter 2: A coupled ice-ocean ecosystem model for 1-D and 3-D applications in the Bering and
Chukchi Seas

Chapter 3: The significance of water column nitrification in the southeastern Bering Sea

Chapter 4: Response of lower trophic level production to long-term climate change in the southeastern

Bering Sea
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level of a phytoplankton bloom if strong vertical mixing
follows in the region from early to mid-April as in 1999.

[12] Although the third sea ice appearance in early May
1999 was short, it did initiate the start of the phytoplankton
bloom. The model very well captured the starting and
ending time of the phytoplankton bloom, as compared with
fluorometer data at 12 m and 24 m (Figures 4g and 4h).
Although the magnitudes did not match well, both model
and data showed two peaks of bloom, the first dominated by
a bloom of ice algae, followed by a bloom of pelagic
flagellates and diatoms. The two peaks were closer in time
than in 1997 as May conditions in general are favorable for
a phytoplankton bloom with a thermal stratification forming
and high light levels.

[13] The simulated annual net primary production (NPP,
algorithm of Jin et al. [2006a]) of our model for the six year
period 1995-2000 (data presented in order) was 101, 120,
89, 119, 115 and 109 g C m 2 for case 1, within the range of
the previous observational estimates of 60—180 g C m >
[Springer et al., 1996] for the southeastern Bering Sea. Year
1997 had the lowest NPP because the warm and shallow
summer mixed layer caused pronounced nutrient limitation
in the euphotic zone. The ice algal production in the water
column accounted for 42% and 29% of NPP in 1997 and
1999, respectively. Assuming no ice algal growth after their
release into the water column (case 2) had little impact on
the yearly NPP estimate with maximum differences of 5 to
7% in 1998 and 2000. This indicates that yearly NPP is
mainly regulated by nutrient supply in the southeastern
Bering Sea, which agrees with Hunt and Stabeno’s [2002]
results based on various data from 1970s to 2000.

4. Ecological Implications of Ice-Associated
Blooms

[14] In the Bering Sea, the ecosystem shift in response to
climate changes is being magnified and complicated by ice-
associated algal blooms. This study suggests that the ice-
associated bloom is sensitive to physical conditions ranging
from short-term weather events to long-term climate
change. The PDO climate index (Figure 1b) showed a shift
from decadal oscillation in the 1970s/80s to higher frequency
quasi-decadal (~5 years) oscillation in the last decade. The
increasingly variable climate tends to cause unexpected
ecosystem changes through unusual, episodic weather
events [Bond and Overland, 2005] and the occurrence of
ice-associated bloom vs. open water bloom [Hunt and
Stabeno, 2002]. An ice-associated bloom in May or later
occurred more often before the 1976/77 ‘regime shift’, and
1999 can be seen as a sudden intrusion of ‘cold regime’ in a
decades-long ‘warm regime’. These sudden changes might
be important because they leave less time for the ecosystem
to adjust than do changes caused by gradual global warming
[Grebmeier et al., 2006]. We have developed the 1-D ice-
ocean ecosystem model to simulate ice-associated blooms
in the Bering Sea. Based on our model results, the bloom of
ice released algae in the southeastern Bering Sea might have
strong influences by changing the taxonomic composition
of phytoplankton species, the timing and duration of pri-
mary production, and the depth at which such production
occurs. Those changes can cause the pelagic ecosystem to
alternate between primarily bottom-up control in cold
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regimes to primarily top-down control in warm regimes
[Hunt and Stabeno, 2002], and can impact food web
structure in the polar waters. Differences in the composition
and magnitude of sea ice algae might cause changes in the
suitability of spring blooms for zooplankton grazing and
thus directly impact ecosystem responses. Further observa-
tional and modeling work is needed to link the variations of
primary production to variations of secondary production -
fish and fisheries harvest, sea birds, and sea mammals. Such
links will be important to assess whether or how ice-
associated blooms contributed to the unexpected and dra-
matic declines of AYK salmon runs from 1997 to 2002 as
indicated by the co-occurrence in space and time.

[15] In order to predict the ecosystem implications of new
phytoplankton species introduced by advection of sea ice, it
is important to understand which algal species are incorpo-
rated into sea ice as it forms in the autumn and winter, and
where and when this incorporation occurs.

[16] Acknowledgments. This study was supported by North Pacific
Research Board (NPRB) grant 607 awarded to Jin, Deal and Wang.
International Arctic Research Center, University of Alaska Fairbanks
supported this study through the JAMSTEC-IARC Research Agreement.
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tion of grazing in the model allows the grazing rate to be
decreased if phytoplankton biomass is low.
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Conclusions

In the Bering Sea, the ecosystem shift in response to climate changes is being magnified and complicated
by the annual cycle of sea ice and ice-associated algal blooms. Ice-associated phytoplankton blooms show
coexistence and interaction of pelagic and sea ice algal ecosystems. Changing timing and period of sea ice
presence can critically impact the food web structure, from lower tropic level production to marine
fisheries. This study developed a general coupled ice-ocean ecosystem model with equations and
parameters for 1-D and 3-D applications that is based on the previous pelagic Bering Sea ecosystem
model (Jin et al., 2006a) and a 1-D coupled ice-ocean ecosystem model development in the landfast ice in
the Chukchi Sea (Jin et al., 2006b). The biological model includes both pelagic and sea ice algal habitats
with 10 compartments: three phytoplankton (pelagic diatom, flagellates and ice algae: D, F, and Ai), three
zooplankton (copepods, large zooplankton, and microzooplankton: ZS, ZL, ZP), three nutrients
(nitrate+nitrite, ammonium, silicon: NO3, NH4, Si) and detritus (Det). The 3-D coupling of the biological
models with physical ocean models is straightforward with just the addition of the advection and diffusion
terms to the ecosystem model. The 3-D coupling with a multi-category sea ice model requires the same
calculation of the sea ice ecosystem model in each ice thickness category and the redistribution between
categories caused by both dynamic and thermodynamic forcing as in the physical model. Phytoplankton

and ice algal self-shading effect is the sole feedback from the ecosystem model to the physical model.

By coupling pelagic and sea ice algal components, our 1-D ecosystem model successfully reproduced the
observed ice-associated blooms in 1997 and 1999 at the NOAA/PMEL mooring M2. The model results
suggest that the ice-associated blooms were seeded by sea ice algae released from melting sea ice. For an
ice-associated bloom to grow and reach the typical magnitude of phytoplankton bloom in the region, ice
melting-resulted low-salinity stratification must not be followed by a strong mixing event that would
destroy the stratification. The ice-associated blooms had little impacts on the annual primary production,
but had significant impacts in terms of shifting phytoplankton species, and the timing and magnitude of
the bloom. These changes, superimposed on a gradual ecosystem shift attributed to global warming, can
dramatically alter the Bering Sea ecosystem. The ice-associated bloom is sensitive to physical conditions
ranging from short-term weather events to long-term climate change. The PDO climate index shifted from
decadal oscillation in the 1970s/80s to higher frequency quasi-decadal (~5 years) oscillation in the last
decade. The increasingly variable climate tends to cause unexpected ecosystem changes through unusual,
episodic weather events (Bond and Overland, 2005) and the occurrence of ice-associated bloom vs. open

water bloom (Hunt and Stabeno, 2002). An ice-associated bloom in May or later occurred more often



before the 1976/77 ‘regime shift’, and 1999 can be seen as a sudden intrusion of ‘cold regime’ in a

decades-long “‘warm regime’.

The importance of nitrification is investigated using the 1-D model because nitrate is considered the
nutrient that limits new primary production in the Bering Sea. Nitrate regenerated through biological
nitrification has the potential to significantly support primary production as well. Here we use
measurements of the specific rate of water column nitrification in a 1-D ecosystem model to quantify the
resupply of nitrate from nitrification in the middle shelf of the southeastern Bering Sea. Model sensitivity
studies reveal nitrification rate is an important control on the dominant phytoplankton functional type, and
the amount of nitrate in summer bottom waters and in the winter water column. Evaluation of
nitrification using the model supports the hypothesis that increases in late-summer nitrate concentrations
observed in the southeastern Bering Sea bottom waters are due to nitrification. Model results for nitrate
replenishment exceed previously estimated rates of 20-30% based on observations. The results of this
study indicate that nitrification, potentially the source of up to ~38% of the springtime water column

nitrate, could support ~24% of the annual primary production.

A several-decadal model run (1960-2004) was conducted to assess the long-time response of ecosystem to
different climate regimes. Model results were validated and agreed well with the mooring temperature,
fluorometer data (1995-2004) and daily SeaWiFS chl a data (1997-2005). The model results show that
while the total primary production was almost unchanged over the past four decades, there existed abrupt
shift of dominant phytoplankton and zooplankton groups and changes of the timing and vertical
distribution of the lower trophic level production after the Pacific Decadal Oscillation (PDO) index’s
reversal in 1977. Before 1977, primary production was dominated by ice algae in icy cold water with only
light grazing, favoring the bottom and benthos community. After 1977, primary production was
dominated by open water species of diatom and flagellates in later and warmer water with higher grazing
and contributed more toward upper ocean pelagic community. Thus zooplankton biomass increased in the
surface water, but was unchanged in the bottom after 1977. Several individual-year ice algal blooms
occurred in the late 1990s and the response of phytoplankton production was similar to pre-1977, but the
response of zooplankton production was less strong, because a delayed response in the upper trophic level
production smoothed off short-time variations in the primary production. This could explain why fish
catches in the eastern Bering Sea showed dramatic changes in dominant fish species and harvest after the
1977 climate shift, but less so in the 1998 climate shift.



Long-term climate changes can cause the pelagic ecosystem to alternate between primarily bottom-up
control in cold regimes to primarily top-down control in warm regimes (Hunt and Stabeno, 2002), and can
impact food web structure in the polar waters. Differences in the composition and magnitude of sea ice
algae might cause changes in the suitability of spring blooms for zooplankton grazing and thus directly
impact ecosystem responses. While short-term changes leave less time for the ecosystem to adjust than do

changes caused by gradual global warming.

Publications

Jin, M., C. Deal, J. Wang, V. Alexander, R. Gradinger, S. Saitoh, T. lida, Z. Wan, and P. Stabeno. 2007.
Ice-associated phytoplankton blooms in the southeastern Bering Sea. Journal of Geophysical Research,
112, C04S03, doi:10.1029/2006JC003642.

Jin, M., C. Deal, J. Wang. 2008. A coupled ice-ocean ecosystem model for 1-D and 3-D applications in
the Bering and Chukchi Seas. Chinese Journal of Polar Research, Vol 19, No. 2, 204-215.

Deal, C., M., Jin, J. Wang. 2008. The significance of water column nitrification in the southeastern Bering
Sea. Chinese Journal of Polar Research, Vol 19, No. 2, 171-178.

Jin, M., C. Deal, J. Wang. 2008. Responses of lower trophic level production to long-term climate change
in the southeastern Bering Sea. Journal of Geophysical Research, 114, C04010,
doi:10.1029/2008JC005015.

Outreach

For the purpose of outreach and education, a DOE/EPSCoR (U.S. Department of Energy's Experimental
Program to Stimulate Competitive Research) high school student worked with Pl on data and image
processing and web display of research results during summer 2006
(http://people.iarc.uaf.edu:8080/~mbj/student2006/).

Our research (Jin et al., 2007) was featured in the *AGU Journal highlights’ in EOS Vol 88, No 15. A
graduate student is hired to work on statistics of the model variables, climate index and fishery catch data

in summer 2007.
Jin, Deal and Lee (in Korea) chaired a session in the 2008 Ocean Science Meeting in Orlando on March
2-7. Session title is "Ecosystem in sea ice influenced areas: observations and modeling studies”

Updates of our project web site: http://www.frontier.iarc.uaf.edu/nprb2006/

Acknowledgements

10


http://people.iarc.uaf.edu:8080/~mbj/student2006/�
http://www.frontier.iarc.uaf.edu/nprb2006/�

This study was supported by North Pacific Research Board (NPRB) grant 607 awarded to Jin, Deal and
Wang. International Arctic Research Center, University of Alaska Fairbanks supported this study through
the JAMSTEC-IARC Research Agreement.

Literature cited

Bond, N.A. and J.E. Overland, 2005. The importance of episodic weather events to the ecosystem of the
Bering Sea shelf. Fisheries Oceanography 14:2, 97-111.

Eslinger, D. L., and R. L. lverson, 2001. The effects of convective and wind-driven mixing on spring
phytoplankton dynamics in the Southeastern Bering Sea middle shelf domain. Continental Shelf
Research, 21, 627-650.

Hare, S.R. and N.J. Mantua, 2000. Empirical evidence for North Pacific regime shifts in 1977 and 1989.
Progress in Oceanography, 47, 103-146.

Hunt, G.L., and P.J., Stabeno (2002), Climate change and the control of energy flow in the southeastern
Bering Sea. Progress in Oceanography 55, 5-22.

Hunt, G.L., P.J., Stabeno, G. Walters, E. Sinclair, R.D. Brodeur, J.M. Napp, and N.A. Bond, 2002.
Climate change and control of the southeastern Bering Sea pelagic ecosystem. Deep-Sea Research 11,
49, 5821-5853.

Jin, M., C.J. Deal, J. Wang, N. Tanaka, and M. lkeda, 2006a. Vertical mixing effects on the
phytoplankton bloom in the southeastern Bering Sea mid-shelf. J. Geophys. Res., 111, C03002,
doi:10.1029/2005JC002994.

Jin, M., C.J. Deal, J. Wang, K.H. Shin, N. Tanaka, T.E. Whitledge, S.H. Lee, and R.R. Gradinger, 2006b.
Controls of the landfast ice-ocean ecosystem offshore Barrow, Alaska. Annals of Glaciology, 44, 63-
72.

Jin, M., C. Deal, J. Wang, V. Alexander, R. Gradinger, S. Saitoh, T. lida, Z. Wan, and P. Stabeno. 2007.
Ice-associated phytoplankton blooms in the southeastern Bering Sea. Geophysical Research Letter, 34,
L06612, doi:10.1029/2006GL028849.

Merico, A., T. Tyrrel, EJ. Lessard, T. Oguz, P.J. Stabeno, S.I. Zeeman, and T.E. Whitledge, 2004.
Modeling phytoplankton succession on the Bering Sea shelf: role of climate influences and trophic
interactions in generating Emiliania huxleyi blooms 1997-2000. Deep-Sea Research, part I, 51, 1803-
1826.

Stabeno, P.J., A. Bond, B. Kachel, A. Salo, and J. D. Schumacher, 2001. On the temporal variability of

the physical environment over the south-eastern Bering Sea. Fisheries Oceanography, 10(1), 81-98.

11





