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Abstract. Many studies have examined the physical changes expected in the environment as a result
of anthropogenic forcing. These physical changes will have an effect on ecosystems as well. In
this study, a nitrogen-phytoplankton-zooplankton (NPZ) model is used to examine the effects of
changes in the physical environment on primary productivity in the North Pacific ocean. The phys-
ical variables considered are mixed layer temperature and depth, solar insolation, and large-scale
upwelling. The changes in these fields by the 2090s are taken from a coupled ocean-atmosphere
general circulation model forced by projected atmospheric CO, and sulfates, then applied to the
NPZ biological model. The result is a change in the seasonal cycle of phytoplankton and herbivore
concentrations across the subpolar North Pacific, moving from a regime characterized by strong
variability with low wintertime values and a spring bloom, to much more constant yearly values.
A reduction of yearly-averaged primary productivity accompanies much of this shift to more con-
stant year-round conditions. In other regions, productivity increases as warmer surface waters enable
higher growth rates. Changes in mixed layer temperature and depth account for almost all the changes
in productivity; model-predicted changes in surface insolation and large-scale upwelling have little
1impact.

1. Introduction

Many studies have used coupled climate models to look at the physical changes ex-
pected in the world due to anthropogenic forcing. However, changes in the physical
environment can have effects on ecosystems as well. Alterations in ecosystems, in
turn, can have impacts on people and society; for example, fish populations affect
both food supplies and jobs. Therefore, it is important to examine the predicted
effects of changes in the environment on ocean ecosystems.

Ecosystems are too complicated to model in a complete way, so the following
approach was adopted for this work. First, a few physical variables of interest
that might change due to anthropogenic forcing were selected. Then, the simplest
ecosystem model that depended on those variables of interest was chosen and this
model’s response to the environmental changes was analyzed. The understanding
gained this way can form the basis for examining more complicated biological
models in the future.

The physical variables of interest were the following:

#‘ Climatic Change 62: 389-418, 2004.
‘ﬁ © 2004 Kluwer Academic Publishers. Printed in the Netherlands.



390 DAVID W. PIERCE

1. Mixed layer depth. Deeper mixed layers can mix up more nutrients from below,
but also are darker (less light-driven production) near the bottom.

2. Mixed layer temperature. Warmer temperatures allow higher growth rates.

3. Upwelling velocity. Large-scale changes in the surface wind field can affect
how much nutrient-rich deep water is upwelled from below.

4. Solar insolation. The amount of sunlight falling on the ocean’s surface might
change due to changes in cloudiness or sea ice coverage. This will directly
affect the phytoplankton’s light-driven production.

Note that this study is focused specifically on how changes in the physical en-
vironment might modify ecosystems. Changes in the biogeochemical environment
are interesting in their own right, and likely to be important, but not included in the
work shown here. For example, increasing industrialization in eastern Asia is likely
to result in enhanced iron or gaseous nitrogen deposition into the North Pacific in
future years, which will have a separate effect on the biological activity. A review
of such processes is given in Denman et al. (1996).

The predicted changes in physical variables were obtained from anthropo-
genically-forced runs generated by pilot accelerated climate prediction initiative
(pilot-ACPI) program (Barnett et al., 2004). Although ACPI’s focus was on hydrol-
ogy in the western U.S., the global data set produced in that effort was appropriate
for forcing a biological model. In the spirit of concentrating on ACPI’s region
of interest, attention will be focused on the North Pacific. Important fisheries are
located in the North Pacific (e.g., salmon) that have a substantial effect on the
economy of the western states. Polovina et al. (1995) have previously examined
natural climate variability in this region using a biological model similar to that
employed here.

Prior work in examining the effect of climate change on biological processes has
often focused specifically on the ‘biological pump’, which are the set of processes
involved in biological uptake of carbon in the mixed layer and the subsequent
export of that carbon to the deep ocean. These processes are important because
they help regulate atmospheric CO, concentrations; for example, models suggest
atmospheric concentrations of CO, (which were ~280 ppmv in pre-industrial con-
ditions) would have been drawn down to ~160 ppmv if the biological pump used
all available surface nutrients, or would have risen to ~450 ppmv in the total
absence of marine production (Sarmiento and Toggweiler, 1984; Shaffer, 1993;
Maier-Reimer et al., 1996; Sarmiento et al., 1998; see also the review in Denman et
al., 1996). The work here differs in that it is not focused on the biological pump per
se, so the feedback effects on atmospheric CO, concentrations are not considered.
This is partly due to the technique used; the biological model is driven by a set of
coupled climate model runs with specified atmospheric CO, conditions (Dai et al.,
2004). The emphasis instead is on changes in the seasonal cycle of phytoplankton
and herbivore populations in the North Pacific ocean. In this sense the work is
more akin to that of Bopp et al. (2001), who used both a biogeochemical model
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and a nitrogen-phytoplankton-zooplankton-detritus model to examine the effects
of climate change. That study found a poleward shift of marine production, similar
to that found here. The analysis in this work attempts to be more detailed, however;
this is possible at least partly because of the focus on the North Pacific, while Bopp
et al. modeled the entire globe.

The rest of this paper is organized as follows. In Section 2, the physical model
used in the pilot-ACPI program is described. The biological model is described in
Section 3 and the equations are given in Appendix A. Section 4 shows the changes
in physical environment that the physical model projects for the decade of the
2090s. The biological model’s response to these changes over the North Pacific
is shown in Section 5. A more detailed analysis of the seasonal cycle at certain
points of interest is given in Section 6. The discussion in Section 7 focuses on the
key role of the effective growth rate in determining the biological model’s response
to the changing environment. Conclusions are given in Section 8.

2. Physical Model Overview

The physical model used here is the Parallel Climate Model (PCM), version 1
(Washington et al., 2000). Dai et al. (2004; in this issue) describe the model and
simulations in detail, so only a brief outline will be given here.

The atmospheric component of the PCM is the CCM3 atmospheric general cir-
culation model developed at the National Center for Atmospheric Research (Kiehl
et al., 1998), a spectral model used at T42 resolution (equivalent to about 280 by
280 km grid spacing), and 18 layers in the vertical. CCM3 includes a land surface
model that accounts for soil moisture and vegetation types, as well as a simplified
runoff scheme.

The ocean component of PCM is the Parallel Ocean Program (POP), developed
at the Los Alamos National Laboratory (Smith et al., 1992; Dukowicz and Smith,
1994), used at a horizontal resolution of 384 by 288 gridpoints (roughly 2/3° res-
olution), with 32 vertical levels. The vertical levels are clustered near the surface
to improve resolution of the important surface mixing processes. A displaced-pole
grid is used in the northern hemisphere to eliminate the problem of convergence of
the meridians in the Arctic Ocean. It is worth noting that higher resolution runs of
POP are an ongoing activity, for example, 0.28° resolution runs with an ecosystem
model (Shaoping Chu, Los Alamos National Laboratory, personal communica-
tion). Since eddy pumping of nutrients is important to global biological activity,
it will be interesting to compare future results that use truly eddy-resolving models
to those shown here.

A dynamic-thermodynamic sea-ice model based on Zhang and Hibler (1997)
is included, with an elastic-viscous-plastic rheology for computational efficiency
(Hunke and Dukowicz, 1997). The ice model is formulated on its own grid, which
has a total of 320 by 640 gridpoints, and a physical grid spacing of roughly 27 km.
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The PCM runs start in 1870 and end in 2099, using historical estimates of at-
mospheric carbon dioxide and sulfates up until the present, and business-as-usual
(BAU) projections of these quantities for future years. There are five ensemble
members available for this work, but for these results only one ensemble member
was used, as it represents expected future change to first order without leading
to problems with interpreting averages in the presence of non-linearities (i.e., the
response to averaged forcing is not the same as the averaged response to individual
forcing for non-linear processes). The results shown here compare the decade of
the 2000s to the decade of the 2090s.

3. Biological Model Overview

The biological model includes nitrogen, phytoplankton, and herbivores (a so-called
NPZ model, with Z referring to herbivorous zooplankton), and is based on the
work of Evans and Parslow (1985; EP85 hereafter). The equations for the model
are given in Appendix A, while a schematic overview is shown in Figure 1. There
is a well-mixed upper layer of thickness M and temperature 7', both of which are
specified from the physical model (PCM). The mixed layer contains phytoplankton,
which are eaten by herbivores, which in turn are eaten by carnivores. The phyto-
plankton locally release nutrients back into the mixed layer via respiration. At the
base of the mixed layer, both local turbulent exchange and large-scale upwelling
mix nutrients up from below. The physical model does not incorporate a prognostic
equation for nutrient concentrations, so they are specified at the base of the mixed
layer from observations (Levitus, 1994).

The separation into the two mixing components (large-scale upwelling and local
turbulent exchange) is a departure from the way vertical mixing was parameterized
in EP85, which had only a fixed vertical exchange taking into account both these
effects. Here, the large-scale upwelling is taken from the physical model, with a
constant value used for the local turbulent exchange. Ideally, the local turbulent
mixing would have been taken from the physical model as well; however, these
terms were not saved in the physical model runs. Inclusion of the large-scale up-
welling allows the biological model to adjust to large-scale changes in the wind
field that drive different patterns of Ekman upwelling or downwelling. Upwelling
carries more nutrients up into the mixed layer, while downwelling reduces the
vertical flux of nutrients.

Solar forcing is taken from the physical model. This allows changes in the
light-driven production if, for example, the physical model predicts systematic
differences in cloudiness arising from anthropogenic forcing.

Following Sarmiento et al. (1993) and Polovina et al. (1995), the maximum
growth rate is taken to be a function of mixed layer temperature as follows: Py, =
0.6(1.066)7 , where T is the mixed layer temperature in °C.
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Figure 1. A schematic of the NPZ biological model. Forcing terms taken from the physical model
are indicated in bold, while elements of the biological model are indicated in italic.

Biological model parameters are taken from EP85 with the few exceptions noted
in Appendix A, and are appropriate to the extratropical region. Accordingly, we
will focus on the area in the Pacific between 20° N and 70° N.

4. Physical Forcing

The changes in the four forcing variables (mixed layer temperature and depth, solar
insolation, and upwelling velocity) will now be shown for the decade of the 2090s
versus the 2000s, averaged both over the phytoplankton growing season March-
April-May-June (MAM]J) and yearly.

4.1. MIXED LAYER TEMPERATURE

Figure 2 shows the changes in mixed layer temperature (decade of the 2090s minus
2000s). Temperatures are considerably warmer (by about 1.5-3.0 °C) during the
2090s; the warming is more pronounced in the more northerly part of the region.
The temperature increase has only weak seasonality. Since the maximum growth
rate depends monotonically on temperature, this warming means that growth rates
in the 2090s will generally be higher than in the 2000s. PCM’s climate sensitivity
is about 1.5° C to a doubling of atmospheric CO, (Washington et al., 2000), which
is on the low end of the frequently accepted range of 1.5°C to 4.5 °C for various
coupled climate models (IPCC, 2001).
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Figure 2. Difference in mixed layer temperature (C) between the decade of the 2090s and the decade
of the 2000s. Top: averaged over the growing season (MAMYJ). Bottom: averaged over the year.
Contour interval is 0.25 °C.

4.2. SOLAR FORCING

Figure 3 shows the surface solar insolation in the physical model during the decade
of the 2090s versus 2000s. There is a decrease in seasonal (highly reflective) sea
ice in the far North Pacific that results in an increase in net surface solar insola-
tion of about 10-15 W m~2, primarily during the growing season (MAMIJ). This
increase in raw solar insolation is translated to an increase in photosynthetically
active radiation (PAR) as in EP85.

4.3. UPWELLING VELOCITY

Figure 4 shows the large-scale upwelling calculated by the model. The sense of the
vertical velocity is such that Ekman suction (upwelling) occurs over the subpolar
gyre, while Ekman pumping (downwelling) is found over the subtropical gyre.
Gargett (1977) has noted how the large scale features of the upwelling field shape
the regional biological processes. Larger upwelling values can be seen along the
coast (for example, the west coast of North America), which drives increased
productivity in those regions. The difference between the vertical velocity in the
2000s and 2090s is small (Figure 4, bottom two panels), and it will be seen later
that this change has little effect on the biology.
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Figure 3. Difference in surface solar insolation (W m_z) between the decade of the 2090s and the
decade of the 2000s. Top: averaged over the growing season (MAMJ). Bottom: averaged over the
year. Contour interval is 5 W m~2. Negative contours are dashed.

4.4, MIXED LAYER DEPTH

Figure 5 shows the ratio of the mixed layer depth in the 2090s to the 2000s (the
ratio is shown instead of the difference because of the large dynamic range). Over
the majority of the Pacific north of 20° N, the ratio is less than one, indicating
that mixed layer depths are thinner in the 2090s. The exception is a region near
the Bering Sea, where depths are slightly greater in the 2090s. The depth of the
mixed layer can have two contrasting effects on the biology; in light limited regions
(generally the higher latitudes), a deeper mixed layer results in lower average illu-
mination over the mixed layer depth, with a consequent decrease in phytoplankton
growth rate averaged over the mixed layer. In nutrient limited regions (generally the
lower latitudes), a deeper mixed layer increases the flux of nutrients from below,
with an attendant increase in phytoplankton growth rates. Gargett (1997) described
these competing effects in terms of an ‘optimal stability window’, in between the
two extremes, where biological productivity is maximized.
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Figure 4. Upwelling velocity (m/day) at the base of the mixed layer. Top: for the decade of the
2000s. Middle: difference between decade of the 2090s and 2000s, averaged over the growing season
(MAM)). Bottom: difference averaged over the year. Contour interval is 0.05.

5. Biological Model Response

The response of the biological model to the environmental forcing outlined above
will now be shown.

5.1. YEARLY CYCLE

The purpose of this work is to understand the reasons for changes in the ocean
ecosystem between the 2000s and the 2090s, rather than to tune the model to
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Figure 5. Ratio of the mixed layer depth in the 2090s to that in the 2000s. Top: averaged over the
growing season (MAMYJ). Bottom: averaged over the year. Contour interval is 0.05. Values less than
1 (indicating shallower mixed layers in the 2090s) are shaded.

reproduce current conditions as closely as possible. As such, no particular model
parameter tuning for the purpose of matching observations was performed. Fur-
ther, such tuning would have no effect on the conclusions presented in Section 8.
Despite this, it still may be of interest to compare the seasonal dynamics of
the NPZ model to observations in order to assess how close the model values
are to reality. To do this, model fields will be compared to observed monthly
SeaWiFS chlorophyll concentration data (obtained from http://daac.gsfc.nasa.gov/
data /dataset /SEAWIFS /01_Data_Products /03_Gridded / 03_L3_Monthly_BRS/
index.html) over the period 1998 to 2002.

The observed data cannot be straightforwardly compared to the model data
because the former are pigment concentrations while the latter are nitrogen
concentrations. However, for illustrative purposes, an approximate conversion is
applied using a Redfield ratio of 106C:16N:1P, and assuming a constant carbon-
to-chlorophyll a ratio of 50 mg carbon per mg chlorophyll a (geographical and
temporal variability in the ratio is ignored; see, for example, Taylor et al., 1997).

Figure 6 shows the time evolution of zonally averaged phytoplankton concen-
tration from the model compared to the (converted) observed values. In this figure
the five years of observed data have been averaged into a climatology. Compared to
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Figure 6. Time-latitude plot of zonally averaged phytoplankton concentration (mmN m3) estimated
from SeaWiFS satellite observations (left) and from the NPZ model (right). Contours at 0.05, 0.1,
0.3,0.4,0.6,0.8. 1.0, 1.5, 2.0, and 3.0.

the observations, the model starts the spring increase in phytoplankton concentra-
tion about a month earlier in midlatitudes, in March—April rather than April-May.
There is also more tendency for the onset of growth to occur later at high northern
latitudes in the model than in the observations. Both the model and observations
show a tendency for the summer decay in high concentration values to happen later
in the year at higher latitudes, however.

The model also has generally higher values than are seen in the observations.
This is partially because the values evolved by the model are higher than observed,
and partly because the bloom is more widespread in the model, resulting in larger
zonal averages. This latter point is illustrated in Figure 7; shown are phytoplankton
concentrations in May, at the peak of the spring bloom. The model generally shows
a wider region with enhanced values. The notable exception to this is along the
west coast of North America, where the model values are distinctly lower than
observed. This is likely due to the biological model’s use of a single, constant
vertical turbulent mixing parameter (equivalent to 0.3 cm? s~!; see Appendix A)
that is appropriate to the open ocean. Enhanced mixing near the coasts, especially
over the continental shelves, would tend to increase nutrient and phytoplankton
concentrations in those regions, an effect that is currently ignored.

5.2. GROWING SEASON

Figure 8 shows the growing season phytoplankton concentration in the NPZ model,
for the 2000s and 2090s. There is an arc of high values along the continental coasts,
with generally higher values in the subpolar gyre (where the upwelling occurs)
than in the subtropical gyre (downwelling). Values range from 0.27 mmN m~2 in
the central subtropical gyre to greater than 2.0 mmN m~ near the coasts.
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Figure 7. May phytoplankton concentrations (mmN m~3) estimated from SeaWiFS satellite
observations (top) and from the NPZ model (bottom). Contours as in Figure 6.
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Figure 8. Growing season (MAMJ) phytoplankton concentrations (mmN m~3) from the biological
model. Top: decade of the 2000s. Bottom: the 2090s. Contour interval is 0.1.
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Figure 9. Ratio of phytoplankton concentration in the 2090s to the 2000s. Values less than one
(indicating reduced concentrations in the later decade) are shaded. Top: averaged over the growing
season (MAM)J). Bottom: averaged over the year. Contour interval is 0.1.

Figure 9 shows the ratio of phytoplankton concentration in the 2090s to the
2000s. Again, the ratio is used because of the large dynamic range involved. The
main change is a decrease (ratio less than 1) in concentrations in the subpolar
gyre; the reduction is on the order of 20—40% during the growing season, and 10—
20% over the year. A predicted reduction in phytoplankton concentrations in the
subpolar North Pacific is one of the primary results of the NPZ model; the reason
for this decrease will be explained once all the changes in the biological model
have been illustrated.

Figure 10 shows the ratio of the herbivores in the 2090s to that in the 2000s.
The later decade has herbivore concentrations in the subpolar gyre that are 20—
30% higher than in the earlier decade. This tendency can be understood from the
equilibrium solutions (Appendix A; in particular, Equation (12)), where it is shown
that the equilibrium herbivore concentration is directly proportional to the growth
rate. (The equilibrium solutions are the phytoplankton, nitrogen, and herbivore con-
centrations that would be seen if the biological system responded instantaneously
to the changing physical forcing. Departures from equilibrium conditions can lead
to overgrazing and consequently low values of phytoplankton concentrations, or to
unchecked population explosions that lead to spring blooms.)

The previous two illustrations were in terms of phytoplankton and herbivore
concentrations. However, a more relevant quantity to the food chain is the primary
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Figure 10. The ratio of herbivore concentration averaged over the decade of the 2090s over the
decade of the 2000s. Values less than one (indicating reduced concentrations in the 2090s) are
shaded. Top panel: averaged over the growing season (MAMIJ). Bottom panel: averaged over the
year. Contour interval is 0.1. Local maxima are indicated by ‘+” and local minima by ‘—’; ticks point
in the downward direction.

productivity, R, defined as R = PMa, where P is the phytoplankton concentra-
tion, M is the mixed layer depth, and « is the growth rate. The ratio of growth rates
in the 2090s to the 2000s is shown in Figure 11. Growth rates are almost universally
higher in the later decade. The increase in growth rate is driven primarily by the
warmer mixed layer temperatures (Figure 2), since the maximum growth rate is
taken to be a function of mixed layer temperatures. The effect of shallower mixed
layers (Figure 5) can also be seen in those places where the shallowing is strong,
and hence the mixed layer is better lit.

The ratio of primary productivity in the 2090s to the 2000s is shown in Figure 12
for both the growing season (top panel) and yearly averaged (bottom panel). During
the growing season, the net result of the changes in phytoplankton concentrations,
mixed layer depth, and growth rate is a reduction in productivity by 20-40% in the
2090s in the region of the subpolar gyre. In the Bering sea, by contrast, productivity
increases by a similar amount. Averaged over the year, the reductions are smaller
and in some places change sign. This is discussed in Section 7, but the gist is that
there are two dynamic behaviors of the biological system. One is characterized by
low wintertime concentrations of phytoplankton and herbivores, and high spring
concentrations (spring blooms); the other, by much more even concentrations year-
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Figure 11. The ratio of growth rate in the 2090s over the 2000s. Values less than one (indicating
lower growth rates in the 2090s) are shaded. Top panel: averaged over the growing season (MAM]J).
Bottom panel: averaged over the year. Contour interval is 0.1. Local maxima are indicated by ‘+’ and
local minima by ‘-’; ticks point downgradient.

round. In places where spring blooms are lost (shaded regions in the top panel of
Figure 12), the increase in productivity during the rest of the year partially makes
up for the loss of the spring bloom, reducing the region of decreased productivity
(lower panel of Figure 12).

6. Analysis

The biological model suggests that by 2090, phytoplankton concentrations and
primary productivity will decrease in the subpolar North Pacific and increase in
the subtropical Pacific and Bering strait. What physical forcings are responsible
for the biological response in these regions, and why does the biological model
respond with pronounced regional differences? The answers to these questions will
allow an understanding of how the biology may respond to future environmental
changes, rather than simply obtaining an answer from the biological model results.
This allows evaluation of the model’s response in a larger picture of uncertainty in
predictions of future environmental changes.

In this analysis we will make use of the three points shown in the top panel
of Figure 12: point A in the western North Pacific (170° E, 49° N); point B in the
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Figure 12. The ratio of primary productivity (mmN m~2 day_l) for the decade of the 2090s over
the decade of the 2000s. Values less than one (indicating reduced productivity in the latter period)
are shaded. Top panel: averaged over the growing season (MAMJ). Bottom panel: averaged over the
year. Contour interval is 0.1. Ticks point downgradient.

Aleutian Island region (165° W, 51° N); and point C in the Bering strait (167° W,
62° N). It should be understood that there is nothing special about these three par-
ticular points; they were selected because they exemplify the biological model’s
response in three dissimilar regions. Points were used, rather than averaging over
regions of interest, because the non-linear nature of the biological model (Appen-
dix A) means that the average biological response over a box is not the same
as the response of the model to the average forcing over the box. Analysis at
points avoids this problem, allowing a cleaner interpretation of the results. The
understanding gained by examining these three points is broadly applicable over
the entire domain; accordingly, these results will be extended to the entire North
Pacific in Section 7.

6.1. WESTERN NORTH PACIFIC

The components of the physical forcing at point A, in the western North Pacific,
are shown in Figure 13. The main difference between the 2000s and the 2090s is
a strong reduction in winter mixed layer depth associated with the capping of the
water column by the warmer water. Changes in upwelling and solar insolation are
small by comparison.
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Figure 13. Components of the physical forcing for the decade of the 2000s (solid line) and 2090s
(dashed line), at point A in the western North Pacific shown in Figure 12.
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The biological model response at point A is shown in Figure 14. Concentrating
for the moment on the contrast between the decade of the 2000s (thick solid line)
and the 2090s (thick dashed line), it can be seen that the phytoplankton concentra-
tion (Figure 14a) undergoes a substantial yearly cycle in the 2000s, with low winter
values and a strong spring bloom, but is nearly constant in the 2090s. This change
is accompanied by an increase in herbivore concentration and effective growth rate
(defined in Appendix A, Equation (6), this takes into account the phytoplankton
growth rate, o, but is modified by losses due to respiration and vertical mixing).

To determine the physical forcings responsible for the biological response, four
permutation test runs were performed. The standard run for the decade of the 2000s
used the four forcing components (mixed layer temperature, mixed layer depth,
large-scale upwelling, and solar insolation) from physical model with values aver-
aged over the 2000s, and likewise for the 2090s run. For the permutation runs, one
of the four forcing components was taken from the 2090s, while the rest were taken
from the 2000s. This allows us to determine how the four forcings individually
influence the changes in biology seen in the 2090s. (The final response will not be
the sum of the four individual influences because of non-linearities.)

The results of the permutation runs at point A are also shown in Figure 14. For
clarity, the annual cycles for the cases with permuted upwelling and solar forcing
are omitted; it was found that changes in these forcings had little effect on the
biological cycle. In panel 14a, comparing the results with only mixed layer tem-
peratures taken from the 2090s (circles) to that with only mixed layer depths taken
from the 2090s (squares), it can be seen that most of the change in phytoplankton
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Figure 14. Annual cycle of phytoplankton, herbivore, and nitrogen concentrations (mmN m~3), and
effective growth rate (day_1 ), from the biological model at point A in the western North Pacific. The
physical forcing applied to the various runs is indicated in the legend.

and herbivore concentrations seen in the 2090s arise from changes in the mixed
layer depth alone.

This can be understood from the results in EP85, which demonstrate that rapid
specific changes in the growth rate enable the kind of spring bloom seen in the
2000s but not the 2090s. The effective growth rate, y, is shown in Figure 14d. In
this location, y becomes negative in the dim midwinter months during the 2000s,
as the phytoplankton concentration has negative tendencies due to respiration and
the rapidly deepening mixed layer that exceed «. Phytoplankton concentrations
drop, and with a smaller food source, zooplankton concentrations plummet. With
the sudden shallowing of the mixed layer in the winter, ¥ becomes positive; the
transition of y through zero guarantees that the specific change in growth rate,
(1/y)dy /dt, becomes large, leading inexorably to a spring bloom. This behavior
does not occur in the 2090s, when the capping of the column by warmer surface
water prevents y from ever becoming negative (Figure 14d, squares). In other
words, the phytoplankton in the 2090s are held closer to the surface in winter,
where there is more light-driven production, and are not subject to dilution by a
rapid increase in mixed layer depth. These effects keep the effective growth rate
positive even in midwinter, maintain a more uniform year-round herbivore popula-
tion. Along with the shallower mixed layer that reduces nutrient fluxes from below,
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Figure 15. Components of the physical forcing for the decade of the 2000s (solid line) and 2090s
(dashed line), at point B in the Aleutian Island region shown in Figure 12.

these changes prevent the specific growth rate from ever becoming large enough to
trigger a spring bloom.

In summary, the biological model suggests that annual cycle of phytoplankton
concentrations in the western North Pacific will change from one characterized by
strong seasonal variation (with very low wintertime concentrations of phytoplank-
ton and herbivores, followed by a spring bloom) to one characterized by much
more uniform populations throughout the year. This happens because increasing
stratification of the water column prevents a rapid late winter shallowing of the
mixed layer, thereby eliminating the circumstances that formerly led to a spring
bloom in the region.

6.2. ALEUTIAN ISLAND REGION

The components of the physical forcing at point B, in the Aleutian Island region,
are shown in Figure 15. The region is characterized by a warming of mixed layer
temperatures by almost 3 °C in the 2090s, along with modest changes in mixed
layer depth and small changes in insolation and upwelling.

The biological response in the Aleutian Island region is shown in Figure 16.
There is again a distinct reduction in the amplitude of the seasonal cycle of phyto-
plankton and herbivore concentrations in the 2090s. In this case, the permutation
runs show that the change in mixed layer depth and temperature each separately
have about the same effect, and it is the combination of the two that accomplishes
the change in phytoplankton seasonal cycle.
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Figure 16. Annual cycle of phytoplankton, herbivore, and nitrogen concentrations (mmN m~3), and
effective growth rate (day_l), from the biological model at point B in the Aleutian Island region.
The physical forcing applied to the various runs is indicated in the legend.

The fact that warmer mixed layer temperatures reduce the peak phytoplankton
concentration is, on the surface, somewhat counter-intuitive, since warmer mixed
layer temperatures are associated with increases in the growth rate. This can again
be understood by considering the effective growth rate (y), Figure 16d. In the
2000s, y becomes negative in midwinter (around day 345). As in the western North
Pacific, y increasing through zero leads inevitably to a spring bloom. However, the
warmer surface temperatures and shallower mixed layer depths in the 2090s boost
y to the point where it never quite becomes negative (Figure 16d, thick dashed
line). The size of the spring bloom is thus mitigated, and peak phytoplankton
concentrations decrease.

The reason the temperature-driven increase in y had little effect in the west-
ern North Pacific, while it is important here, is because y contains contributions
from both the mixed layer depth and temperature (Equation (6)). In the western
North Pacific, the large changes in mixed layer depth overwhelm the changes due
to temperature. In the Aleutian Island region, where the change in mixed layer
temperature is about the same as in the western North Pacific but the changes in
mixed layer depth are much more modest, both effects are important.
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(dashed line), at point C in the Bering strait shown in Figure 12.

6.3. BERING STRAIT

The components of the physical forcing at point C, in the Bering strait, are shown
in Figure 17. The strong halocline in this region prevents any discernible change
in mixed layer depth between the 2000s and 2090s. Insolation and vertical velocity
changes are likewise small. The main difference in this region is an increase in
mixed layer temperatures during the summer months, after the sea ice has retreated.

The biological response in the Bering strait is shown in Figure 18. The phyto-
plankton bloom comes slightly earlier in the year during the 2090s, a consequence
of the earlier mixed layer warming. The overall amplitude and yearly evolution
of the phytoplankton concentrations are otherwise similar between the two time
periods. This is because the transition of y through zero is almost the same in
all cases (Figure 18d). This, in turn, is because the physical factors that affect
y are little changed between the two decades. In particular, the transition of y
through zero occurs early in the year, when the mixed layer temperature is the
same. Consequently, the increase in productivity seen in the region (Figure 12) is
due to summer increases in the growth rate (Figure 18d) forced by the warmer
mixed layer temperatures, rather than by changes in phytoplankton concentration
(as was found at points A and B).
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7. Discussion

The results in the previous section illustrate the importance of yp,, the yearly
minimum value of the effective growth rate, in determining the seasonal cycle of
phytoplankton and herbivore concentrations (c.f. Sverdrup’s 1953 critical depth
theory). Where Y, drops below zero in midwinter, the subsequent transition of
y through zero in the spring leads to large values of the specific effective growth
rate (1/y)dy /dt, and consequently to a spring bloom. Where y,,;, never becomes
negative, the specific effective growth rate generally stays large enough to prevent
a bloom, and phytoplankton concentrations tend to be near their equilibrium values
at all times. Physically, Yy, dropping below zero means that a deep mixed layer
and weak sunlight (therefore low average illumination in the mixed layer) result in
decreasing phytoplankton and (consequently) herbivore concentrations. The sub-
sequent transition of (1/y)dy/dt through zero in the spring, as the water column
stratifies and insolation increases, implies that the herbivore population (whose
growth lags that of the phytoplankton) cannot grow fast enough to keep up with
the sudden explosive growth of the phytoplankton, and spring bloom results. More
details are given in Appendix A.

This dependence on yni, suggests partitioning the North Pacific into three
regions based on the following criteria:
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1. ¥min > 0 in both the 2000s and 2090s. In these locations, phytoplankton and
herbivore concentrations vary little over the year, and phytoplankton concen-
trations are not much different between the 2000s and 2090s. The main change
in primary productivity in the 2090s therefore arises from changes in the phy-
toplankton growth rate o, which increases everywhere due to the mixed layer
warming. In these regions modest increases in productivity are expected.

2. ¥min < 01n both the 2000s and 2090s. In these locations, the phytoplankton and
herbivore concentrations undergo strong seasonal variability, with low winter-
time values and strong spring blooms in both the 2000s and 2090s. In lieu
of significant changes in the amplitude of the phytoplankton’s seasonal cycle,
future primary productivity is again most influenced by the effect of warmer
surface waters on «. Therefore, primary productivity tends to increase in these
regions.

3. Ymin < O in the 2000s, but > O in the 2090s. In these regions, the physical
forcings are such that a strong seasonal cycle in phytoplankton and herbivore
populations (with low wintertime values and a subsequent spring bloom) is
seen in the 2000s, but much more constant values are seen in the 2090s. The in-
crease in Y, in the 2090s can be accomplished by either greater stratification
leading to decreased winter mixing (as seen at point A, in the western North
Pacific; Section 6.1) or by warmer mixed layer temperatures acting together
with modest changes in mixed layer depths (point B, in the Aleutian Island
region; Section 6.2). In these locations, the more constant seasonal values re-
sult in decreased primary productivity in the spring, but greater productivity
during the winter. The overall result is decreased productivity in most, but not
all, regions where this happens (compare the bottom panel of Figure 12 to the
top panel).

Figure 19 shows these three regions in the model. In the subtropics, Ymin is
always positive (no shading), and there is little seasonal variability now or in the
future. North of about 55° N, ymi, 1S always negative (stipple), and low wintertime
phytoplankton concentrations with subsequent spring blooms are found. The main
effect of anthropogenic forcing is to push the boundary of the region where strong
seasonal variability is found farther to the north. This is because in the south, more
constant daylight and warmer water temperatures keep the effective growth rate
positive all year; in the north, the cold waters and weak sunlight in the winter
enable the effective growth rate to drop below zero. There is necessarily a transition
zone between the northern and southern regimes; and since the main effects of
anthropogenic forcing relevant for the biology (warmer mixed layer temperatures
and shallower mixed layer depths) both act in the direction of increasing yp;,, the
southern regime inevitably extends northwards. The simple biology of the NPZ
model has a tendency to over-predict regions of strong seasonal variability, for
example in the eastern North Pacific, where processes not considered here might
come into play (e.g., iron limitation (Martin et al., 1990), changes in zooplankton
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grazing (Frost, 1991), or deep mixing (Mitchell et al., 1991); see also Obata et
al. (1996)). It may also be noted from the shaded regions of Figure 12, top panel,
that the spring bloom goes away in a wider region than that given by the ypi,
criterion (Figure 19). This is because y, dropping below zero is sufficient for a
strong seasonal cycle with a spring bloom but not necessary; spring blooms can
also result when yp,i, gets very close to zero (but is still positive). The extra regions
in Figure 12 where spring blooms are lost in the future are places where ypni, gets
sufficiently close to zero to cause a spring bloom in the 2000s, but does not do so
in the 2090s.

The conclusion that the region characterized by a strong seasonal cycle
of phytoplankton and herbivore concentrations moves northward under anthro-
pogenic warming is a robust prediction of the physical/biological model studied
here. Different physical forcings (perhaps obtained from different coupled ocean-
atmosphere models), or different parameters used in the biological model, will
have the effect of shifting the particular latitudes where the regimes fall, but not in
changing the behavior that anthropogenic forcing moves the spring bloom region
northward. The only aspect of the physical forcing this conclusion depends on is
that the warming signal in mixed layer temperature is monotonic over the region.

Regions that lose their ability to support strong seasonal cycles in phytoplank-
ton concentrations tend to have less primary productivity when averaged over the
year (although this is partly made up for by increased wintertime productivity).
Elsewhere, the temperature-driven increase in growth rates will generally mean a
higher primary productivity. In those regions that maintain their spring bloom (the
far north), leading to large phytoplankton concentrations for a time, the absolute
increase in primary productivity will be larger than in regions that are always near
equilibrium phytoplankton concentrations (the region south of 50° N).

Although the results presented here are robust to details of the physical forcing,
different biological systems than modeled here might behave differently. For ex-
ample, in the real world, shifting distributions of species (each with their own way
of reacting to the environment) might compensate for the changing environmental
conditions. This question will need to be addressed by more elaborate biological
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models. In such a case, the results from the simple NPZ model studied here should
provide a framework for understanding the more complete (and, presumably, more
complicated) results.

Comparing the results found here to previous work, Bopp et al. (2001) also
found a poleward shift in marine productivity as a result of climate change. They
attributed this to a longer growing season at the high latitudes, driven primarily
by increased stratification leading to better photosynthetic efficiency in spring and
summer. The similar results shown here could be seen as an examination of an
analogous process from a different point of view. L.e., the analysis performed here
in terms of ymin, as illustrated in Figure 19, provides a concise way of understanding
the results that encapsulates the relevant biological and physical factors, as well
as being a method for predicting how these results might apply to other regions.
These results also have some similarities to the conceptual framework outlined in
Gargett (1997), in that the regional changes in ypi,, which are mainly effected by
temperature-driven changes in water column stability, correspond to water columns
moving into or out of ‘optimal stability windows’ for high biological productivity.
However, this work shows that the view in terms of optimal stability windows is
complicated by the time dependencies involved. Moving from a situation with low
wintertime phytoplankton concentrations and a spring bloom to one with near-
constant yearly values tends to result in a yearly averaged drop in productivity,
since the spring bloom by itself generally accounts for a large fraction of the yearly
averaged productivity. It does not guarantee a drop, however, since productivity
during the winter increases.

8. Conclusions

Anthropogenic forcing can be expected to have an effect on ecosystems that
respond to changes in the physical environment. One example is the ocean ecosys-
tem, where phytoplankton concentrations depend on water temperature, sunlight,
mixed layer depth, and the upwelling of nutrients from below. This study has used
the environmental predictions of a coupled ocean-atmosphere general circulation
model run to the 2090s to force a NPZ (nitrogen-phytoplankton-zooplankton) bio-
logical model of the North Pacific. The physical variables considered were mixed
layer temperature, mixed layer depth, surface solar insolation, and large-scale
upwelling and downwelling.

It was found that there is a northward shift of the region that shows large
seasonal cycles in phytoplankton and herbivore concentrations, roughly between
150°E and 140° W, 50°N and 60°N. This is accompanied by a decrease in
springtime primary productivity, which is partially counteracted by an increase in
wintertime productivity. Productivity increases year-round in the Bering straits and
subtropical Pacific, driven mostly by warmer water temperatures increasing the
growth rate.



FUTURE CHANGES IN BIOLOGICAL ACTIVITY IN THE NORTH PACIFIC 413

This behavior can be understood by considering the phytoplankton’s effective
growth rate y, which is the growth rate modified to take into account losses due
to respiration and vertical mixing. North of about 50° N, y becomes negative in
the dim midwinter months; in the south, it is always positive. Large changes in the
specific effective growth rate (1/y)dy /dt lead to spring blooms, so in places with
negative midwinter values of y, spring blooms occur after y transitions through
zero. The primary effects of the anthropogenic forcing are to warm the mixed layer
and (more regionally) to increase stratification, decreasing mixed layer depths.
Both tend to increase midwinter values of y, in some places going from negative
values in midwinter to positive values. This moves the region characterized by a
strong seasonal cycle in phytoplankton concentrations, with low wintertime values
and a spring bloom, farther to the north. The loss of spring blooms in the area
left behind leads to lower springtime primary productivity in that region, and, to
a lesser extent, lower productivity when averaged over a year. In regions where
the seasonal cycle of phytoplankton concentrations does not change in the 2090s,
productivity increases due to the higher growth rate (which itself arises from the
warmer waters).

The main conclusion of this work — that the region of low winter phytoplankton
concentrations and subsequent spring blooms moves northwards due to anthro-
pogenic forcing, leaving behind a region with more constant yearly values — is
robust to details of the physical forcing used. Environmental changes from a dif-
ferent coupled ocean-atmosphere model would likely have given a similar result
(although the exact latitude of the regions might well be different) as long as
the mixed layer warming is monotonic over the region. Changing the parameters
for the biological model would similarly not change this conclusion, but rather
would influence the exact latitudes involved. It should be kept in mind, however,
that this conclusion might be modified by taking into account biological processes
neglected in the simple NPZ model. For instance, were other species with different
metabolic attributes or sensitivities to the environment included, the biology might
respond by shifting the proportion of species instead. Or, an increase in abundance
of nitrogen fixing phytoplankton, perhaps in response to the increasing vertical
stratification, would have an impact on the seasonal cycle that is not included here.
Consideration of such issues awaits results from more complex biological models.

Finally, note that this study attempts to isolate the effects of changes in the
physical environment (mixed layer temperature and depth, upwelling, and solar in-
solation). Changes in the biogeochemical environment will likely have an influence
as well (for example, increased iron deposition from enhanced industrialization in
East Asia). These additional influences on the biology of the North Pacific await
further study.
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Appendix A: Biological Model Equations

The biological model used here is similar to that described in EP85, with only a
minor difference due to the splitting of the vertical mixing term into two com-
ponents, large-scale upwelling and local turbulent mixing. The equations will be
shown here for completeness and because the equilibrium model equations (also
derived below) are based on the entire biological model, rather than on a reduced
form of the model as was done in EP85. The model is formulated in terms of the
mixed layer depth, M, dissolved nitrogen concentration, N, and the concentration
of nitrogen held in the phytoplankton (P) and herbivores (H ). The time evolution
of these quantities is given by:

M =¢(1) (1
N=—yP+u(N,—N — P) )
P=yP—zH 3)
H:<fz_g_%>)1{. )

The rate of mixed layer deepening, ¢ (¢), is taken from the physical model.
The vertical mixing term, w, is given by:

me+m;+ ¢ ()
M ’
where m, is the large-scale upwelling or downwelling driven by Ekman processes

(values taken from the physical model), m, is a local turbulent exchange at the base
of the mixed layer, and ¢ *(r) = max(¢(¢), 0) is the entrainment rate. The vertical

®)

l,(/:
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mixing term in the herbivore equation is unlike that in the other equations (using ¢
instead of ¢ 1) because herbivores are assumed able to move up in the water column
during times of detrainment.

The effective growth rate term, y, is given by:

_ a(t,.M, P)N . ©)
J+N

It takes into account the phytoplankton growth rate, o, as well as losses to
respiration (r) and vertical mixing (u). Because y is the dynamically important
variable, not o, most of our analysis is done in terms of y.

The term describing grazing of phytoplankton by herbivores, z, is given by:

= C(P P()) . (7)

K+P—-P

The meaning and values taken for the other parameters is the same as in EP85
(their Table 1), and so are not repeated here, with the following exceptions. The
local turbulent exchange, m,, is taken to be 0.88 m day~' ; this value is equivalent
to the amount exchanged in one day at the base of a vertical distribution with an
initial step-function, given a large-scale vertical diffusivity of 0.3 cm? sec™!. The
attenuation of light due to water is taken to be 0.04, and the attenuation due to self-
shading by the phytoplankton is taken to be 0.06; these values are taken from the
subarctic Pacific experiment of EP85.

8.1. A.l. EQUILIBRIUM SOLUTIONS

The equilibrium solutions to the model equations are obtained by setting the time
derivatives to zero. The equilibrium phytoplankton concentration is:

P* = Py+ K , 8)

¢—1

where ¢ = fc/(g — ¢ /M) represents a net grazing efficiency of the phytoplankton
by the herbivores, and is the ratio of the nitrogen input to the herbivores by grazing
to the nitrogen lost from the herbivores to carnivores or vertical mixing. For the
values used here, ¢ ~ 7. Thus, roughly speaking, P* ~ Py + K/6 ~ 0.27. This
is a direct function of the grazing threshold P,, and modified by a term inversely
proportional to the net grazing efficiency. If the herbivore’s grazing efficiency (f)
or rate (c) decreases, ¢ decreases and there are more phytoplankton in equilib-
rium (P* increases). If the loss of herbivores to carnivores (g) increases, then ¢
decreases and again the equilibrium phytoplankton concentration increases.

The equilibrium nitrogen concentration is the solution to a quadratic equation,
(=b + (b> — dac)'/?)/2a, where

a=1 ©)
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Figure 20. Equilibrium nitrogen concentration (mmN m~3) as a function of total vertical mixing
(me +my; m day_l) and growth rate («; day_l).

_e=nP N, (10)

(rP*
c:_J( +N0). (11)
n

Although the solution to this is algebraically complicated, over a reasonable range
of parameters the strongest dependence is on ¢, Ny, and the vertical mixing (m, +
m;). The dependence on Nj is straightforward and unsurprising; the greater the
deep nitrogen concentrations, the greater the equilibrium value in the mixed layer
is. The dependence on (m, + m;) and « is shown in Figure 20, with all other
values at their defaults for the biological model and a mixed layer depth of 30 m.
At larger mixing rates concentrations approach the deep value (Ny = 10); as the
vertical mixing decreases, the growth rate has a stronger effect on the equilibrium
nitrogen concentration, with larger growth rates leading to lower nitrogen levels.
The equilibrium herbivore concentration is:

H*=¢P"y/c. (12)

Thus, the equilibrium herbivore concentration increases when their food source
(P*) or net grazing efficiency (¢) increases, and is proportional to the effective
growth rate (). Note in particular that the equilibrium phytoplankton concentra-
tion is not dependent on the effective growth rate, while the equilibrium herbivore
concentration is. In other words, increases in the growth rate translate to a larger
herbivore population needed to eat the increased growth, while the phytoplankton
population itself depends only on the efficiency of that grazing.



FUTURE CHANGES IN BIOLOGICAL ACTIVITY IN THE NORTH PACIFIC 417

As outlined in EP85, disequilibrium conditions (and typically, a spring bloom)
result when the specific rate of change of the equilibrium herbivore concentra-
tion, (1/H*)dH* /dt, is changing too rapidly to be tracked by the actual herbivore
concentrations (1/H)dH /dt (there is no issue with P* changing too rapidly to be
tracked since it is constant). From Equation (12),

| dH*  1dy
H* dt  ydt’

(13)

In particular, if y increases through zero, the herbivore population is incapable
of adjusting quickly enough to the altering environment, and a spring bloom gen-
erally results as the phytoplankton growth is unchecked by a sufficient herbivore
population.

It is worth specifically pointing out the physical picture corresponding to dise-
quilibrium conditions and spring blooms (cf. Sverdrup, 1953; Evans and Parslow,
1985). In locations where the mixed layer deepens dramatically in winter, average
light levels in the mixed layer drop to low values, leading to drops in the phyto-
plankton concentration. At this time y can become small or even negative. As a
consequence of the diminished food supply, the herbivore population drops to a
low level as well. In spring, the water column can stratify quickly and the inso-
lation increase dramatically. ¥ becomes positive, and the transition of y through
zero means that the specific rate of change, (1/y)dy/dt becomes infinite. In this
disequilibrium condition the reduced herbivore population is lagging behind the
exploding phytoplankton population, and the herbivores are unable to graze rapidly
enough and reproduce quickly enough to prevent a period of runaway growth by
the phytoplankton. The resulting spring bloom is eventually brought under control
by nutrient depletion and growth of the herbivore population, and subsequently the
phytoplankton and herbivore populations relax back towards equilibrium values.
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