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ABSTRACT

Many studies have examined the physical changes expected in the environment as a result of anthro-
pogenic 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 environmental changes on primary
productivity in the North Pacific ocean. The physical 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 20-30% reduction in primary productivity in a belt
of longitudes across the North Pacific. This happens because the region where spring blooms occur moves
northwards in response to the anthropogenic changes. The region left behind (which had spring blooms in the
2000s, but does not in the 2090s) is less productive when averaged over a year. 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 impact.



1. Introduction

Many studies have used coupled climate models to look
at the physical changes expected in the world due to anthro-
pogenic forcing. However, changes in the physical environ-
ment can have effects on ecosystems as well. Alterations in
ecosystems, in turn, can have impacts on people and soci-
ety; 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 sim-
plest ecosystem model that depended on those variables of
interest was chosen and this model’s response to the envi-
ronmental 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:

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 sur-
face 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 af-
fect the phytoplankton’s light-driven production.

The predicted changes in physical variables were ob-
tained from anthropogenically-forced runs generated by pi-
lot accelerated climate prediction initiative (pilot-ACPI) pro-
gram (Barnett et al. 2002). Although ACPI’s focus was
on hydrology in the western U.S., the global data set pro-
duced in that effort was appropriate for forcing the biolog-
ical model described here. In the spirit of concentrating
on ACPI’s region of interest, attention here 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.

The rest of this paper is organized as follows. In sec-
tion 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 dis-
cussion in section 7 focusses on the key role of the effective
growth rate in determining the biological model’s response
to the changing environment. Conclusions are given in sec-
tion 8.

2. Physical Model Overview

The physical model used here is the Parallel Climate
Model (PCM), version 1 (Washington et al. 2000). PCM is a
state of the art, fully coupled ocean-atmosphere general cir-

culation model (for more information see http://www.cgd.ucar.edu/pcm).

The atmospheric component of the PCM is the CCM3
atmospheric general circulation model developed at the Na-
tional Center for Atmospheric Research (Kiehl et al. 1998),
a spectral model used here at T42 resolution (equivalent to
about 280 by 280 km grid spacing). CCM3 includes a land
surface model that accounts for soil moisture and vegeta-
tion types, as well as a simplified runoff scheme. A hybrid
sigma coordinate scheme with 18 layers is used in the verti-
cal, which allows terrain-following coordinates near the sur-
face but segues to pressure levels higher in the air column.

The ocean component of PCM is the Parallel Ocean Pro-
gram (POP), developed at the Los Alamos National Lab-
oratory (Smith et al. 1992, Dukowicz and Smith 1994),
used here at a horizontal resolution of 384 by 288 gridpoints
(roughly 2/3° resolution), with 32 vertical levels. The ver-
tical levels are clustered near the surface to improve resolu-
tion 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.

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 Dukow-
icz 1997). The ice model is formulated on its own grid,
which has a total of 320 by 640 gridpoints. The grid only
covers the polar regions, and points are distributed approx-
imately equally between the northern and southern hemi-
spheres (i.e., each hemisphere is covered by a grid of about
320x320 points), giving a physical grid spacing of roughly
27 km.

The PCM runs used here start in 1870 and end in 2099,
using historical estimates of 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 the results shown
here only one ensemble member was used, at it represents
expected future change to first order without leading to prob-
lems with interpreting averages in the presence of non-linearities
(i.e., the response to averaged forcing is not the same as the
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Figure 1. A schematic of the NPZ biological model. Forc-
ing terms taken from the physical model are indicated in
bold, while elements of the biological model are indicated
in italic.

averaged response to individual forcing for non-linear pro-
cesses). 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 Fig. 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 phytoplankton 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 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 ac-
count 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
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Figure 2: Difference in mixed layer temperature (C) be-
tween the decade of the 2090s and the decade of the 2000s,
during the growing season (MAMJ). Contour interval is
0.25C.

well, however, these terms were not saved in the physical
model runs. Inclusion of the large-scale upwelling 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 al-
lows changes in the light-driven production if, for example,
the physical model predicts systematic differences in cloudi-
ness 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: Ppa, = 0.6(1.066)7,
where T is the mixed layer temperature in degrees C.

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 ve-
locity) will now be shown for the decade of the 2090s versus
the 2000s. Because changes in the physical environment are
most important during the phytoplankton growing season,
results will be shown averaged over the time period March-
April-May-June (MAMJ).

a. Mixed layer temperature

Figure 2 shows the mixed layer temperature in the phys-
ical model for the growing season during the decade of the
2090s versus 2000s. Mixed layer temperatures are consid-
erably warmer (by about 1.5-3.0°C) during the 2090s; the
warming is more pronounced in the more northerly part of
the region. Since the maximum growth rate depends mono-
tonically on temperature, this warming means that growth
rates in the 2090s will generally be higher than in the 2000s.



120°E 160°E 160°W 120°'W

120°E 160°E 160°W 120°W

Figure 3: Difference in surface solar insolation (W m—2) be-
tween the decade of the 2090s and the decade of the 2000s,
during the growing season (MAMJ). Contour interval is 5
W m~2, Negative contours are dashed.

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).

b. Solar forcing

Figure 3 shows the surface solar insolation in the phys-
ical model for the growing season 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 insolation of about 10-15
W/m?2. This increase in raw solar insolation is translated to
an increase in photosynthetically active radiation (PAR) as
in EP85.

c. 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 sub-
tropical gyre. Larger values can be seen along the coast (for
example, the west coast of North America), which drives
increased productivity in those regions. The difference be-
tween the vertical velocity in the 2000s and 2090s is small
(Fig. 4, bottom panel), and it will be seen later that this
change has little effect on the biology.

d. 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 differ-
ence because of the large dynamic range). Over the majority
of the Pacific north of 20° N, the ratio is less than one, indi-
cating 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 lim-
ited regions (generally the higher latitudes), a deeper mixed
layer results in less light, with a consequent decrease in phy-
toplankton growth rate. In nutrient limited regions (gener-
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Figure 4: Upwelling velocity (m/day) at the base of the
mixed layer. Top: for the decade of the 2000s. Bottom:
difference between decade of the 2090s and 2000s. All val-
ues are averaged over the growing season (MAMJ). Contour
interval is 0.05.
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Figure 5: Ratio of the mixed layer depth in the 2090s to
that in the 2000s. All values are averaged over the growing
season (MAMJ). Contour interval is 0.05. Values less than 1
(indicating shallower mixed layers in the 2090s) are shaded.



ally the lower latitudes), a deeper mixed layer increases the
flux of nutrients from below, with an attendant increase in
phytoplankton growth rates.

5. Biological model response

The response of the biological model to the environmen-
tal changes outlined above will now be shown. All values
and figures in this section are averaged over the growing
season (March-April-May-June); annual cycles at various
locations are presented in section 6.

Figure 6 shows the growing season phytoplankton con-
centration in the NPZ model. There is a 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 values of about
2.0 mmN m~—2 near the coasts.

The bottom panel of Fig. 6 shows the ratio of phyto-
plankton 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 in concentrations in the sub-
polar gyre on the order of 20-40%. A predicted reduction
in yearly averaged phytoplankton concentrations in the sub-
polar 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 7 shows observed phytoplankton pigment (chloro-
phyll) concentration (mg Chl m—2) from the coastal zone
color scanner (CZCS)!. In comparison with the observa-
tions, the model does not capture the extent to which the
phytoplankton concentrations are enhanced near the coasts,
especially along the west coast of North America. This is
likely due to the biological model’s use of a single, con-
stant vertical turbulent mixing parameter (equivalent to 0.3
cm? s—1; see Appendix A) that is appropriate to the open
ocean. Enhanced mixing near the coasts, especially over
the continental shelves, would increase phytoplankton con-
centrations in those regions, an effect that is currently ig-
nored. This can be seen particularly along the west coast of
North America. Note that the actual numbers in Fig. 7 can-
not be directly compared to those in Fig. 6 because the for-
mer are pigment concentrations while the latter are nitrogen
concentrations. An approximate conversion using a Red-
field ratio of 106C:16N:1P, and assuming that the carbon-
to-chlorophyll ratio is 30-50 mg carbon per mg chlorophyill,
suggests that the model’s phytoplankton concentrations are
too large. This could be ameliorated by tuning the biological
model parameters, however this was not done since the pur-
pose 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 reproduce current conditions
as closely as possible. Such tuning would have no effect on

1Data downloaded from http://daac.gsfc.nasa.gov/dataldataset/ CZCS
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Figure 6: Growing season (MAMJ) phytoplankton con-
centrations (mmN m—3) from the biological model. Top:
decade of the 2000s. Middle: the 2090s. Bottom: Ratio
of the 2090s to the 2000s. Values less than one (indicat-
ing reduced concentrations in the later decade) are shaded.
Contour interval for all panels is 0.1.
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Figure 7: Phytoplankton pigment concentrations (mg/m?)
from the coastal zone color scanner satellite for spring
(MAM)).
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Figure 8: The ratio of herbivore concentration in the grow-
ing season averaged over the decade of the 2090s over the
decade of the 2000s. Values less than one (indicating re-
duced concentrations in the 2090s) are shaded. Contour in-
terval is 0.1.
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Figure 9: The ratio of growth rate (day—!) during the grow-
ing season, averaged over the decade of the 2090s over the
decade of the 2000s. Values less than one (indicating lower
growth rates in the 2090s) are shaded. Contour interval is
0.1.

the conclusions presented in section 8.

Figure 8 shows the ratio of the herbivores in the 2090s to
that in the 2000s. The later decade has herbivore concentra-
tions 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, Eq. 12),
where it is shown that the equilibrium herbivore concentra-
tion is directly proportional to the growth rate. (The equi-
librium solutions are the phytoplankton, nitrogen, and her-
bivore concentrations 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 phyto-
plankton and herbivore concentrations. However, a more
relevant quantity to the food chain is the primary productiv-
ity, R, defined as R = PMa«, where P is the phytoplank-
ton concentration, 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 Fig. 9. Growth rates are almost univer-
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Figure 10: The ratio of primary productivity (mmN m~—2
day—1) during the growing season, 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. Contour interval is 0.1.

sally higher in the later decade. The increase in growth rate
is driven primarily by the warmer mixed layer temperatures
(Fig. 2), since the maximum growth rate is taken to be a
function of mixed layer temperatures. The effect of shal-
lower mixed layers (Fig. 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 averaged over the grow-
ing season in the 2090s to the 2000s is shown in Fig. 10. The
net result of the changes in phytoplankton concentrations,
mixed layer depth, and growth rate is a reduction in produc-
tivity 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.

6. Analysis

The biological model suggests that by 2090, phytoplank-
ton concentrations and primary productivity will decrease in
the subpolar North Pacific and increase in the Bering sea.
What physical forcings are responsible for the biological re-
sponse 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 bi-
ology 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 envi-
ronmental changes.

In this analysis we will make use of the three points
shown in Fig. 10: point A in the western North Pacific (170°E,
49°N); point B in the central North Pacific (165°W, 51°N);
and point C in the Bering sea (167°W, 62°N). These points
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 (Appendix A) means
that the average biological response over a box is not the
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Figure 11: 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 Fig. 10.

same as the response of the model to the average forcing
over the box. Analysis at points avoids this problem, allow-
ing a cleaner interpretation of the results. These results will
then be extended to the entire North Pacific in section 7.

a. Western North Pacific

The components of the physical forcing at point A, in
the western North Pacific, are shown in Fig. 11. The main
differences between the 2000s and the 2090s is a strong re-
duction in winter mixed layer depth associated with the cap-
ping of the water column by the warmer water. Changes in
upwelling and solar insolation are small by comparison.

The biological model response at point A is shown in
Fig. 12. Concentrating for the moment on the contrast be-
tween the decade of the 2000s (thick solid line) and the
2090s (thick dashed line), it can be seen that the phytoplank-
ton concentration (Fig. 12a) undergoes a substantial spring-
time enhancement in this region in the 2000s, but is nearly
constant in the 2090s. This change is accompanied by an in-
crease in herbivore concentration and effective growth rate.

To determine the physical forcings responsible for the
biological response, four permutation test runs were per-
formed. 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 averaged over the 2000s, and
likewise for the 2090s run. For the permutation runs, one
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Figure 12: Annual cycle of phytoplankton, herbivore, and
nitrogen concentrations (mmN m~—2), and effective growth
rate (day—!), 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.



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 Fig. 12. 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 12a, comparing the results
with only mixed layer temperatures 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 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, -, is shown in Fig. 12d;
defined in Appendix A (Eq. 6), -y takes into account the phy-
toplankton growth rate, «, but is modified by losses due to
respiration and vertical mixing. In this location, v 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 a. With the sudden shallowing of the mixed
layer in the winter, -y becomes positive; the transition of ~
through zero guarantees that the specific change in growth
rate, (1/~)d~/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 v from ever becoming negative (Fig. 12d, 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. Both these keep the effective
growth rate positive even in midwinter, preventing the spe-
cific growth rate from becoming large enough to trigger a
bloom.

In summary, the biological model suggests that produc-
tivity in the western North Pacific will decrease because in-
creasing stratification of the water column prevents a rapid
late winter shallowing of the mixed layer, thereby eliminat-
ing the circumstances that formerly led to a spring bloom in
the region.

b. Central North Pacific

The components of the physical forcing at point B, in
the central North Pacific, are shown in Fig. 13. 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 up-
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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 B in the central North Pacific shown in Fig. 10.

welling.

The biological response in the central North Pacific is
shown in Fig. 14. There is again a distinct decrease in the
amplitude of the spring bloom going from the 2000s to the
2090s. In this case, the permutation runs show that the
change in mixed layer depth and temperature each sepa-
rately have about the same effect, and it is the combination
of the two that accomplishes the reduction in phytoplankton
concentrations.

The fact that warmer mixed layer temperatures reduce
the phytoplankton concentration is, on the surface, some-
what counter-intuitive. Warmer mixed layer temperatures
are associated with increases in the growth rate but a de-
crease in the phytoplankton concentration. This can again
be understood by considering the effective growth rate (v),
Fig. 14d. In the 2000s, v becomes negative in midwinter
(around day 345). As in the western North Pacific, v in-
creasing through zero leads inevitably to a spring bloom.
However, the warmer surface temperatures and shallower
mixed layer depths in the 2090s boost  to the point where
it never quite becomes negative (Fig. 14d, thick dashed line).
The size of the spring bloom is thus mitigated, and average
phytoplankton concentrations decrease.

The reason the temperature-driven increase in v had lit-
tle effect in the western North Pacific, while it is impor-
tant here, is because « contains contributions from both the
mixed layer depth and temperature (Eqg. 6). In the west-
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various runs is indicated in the legend.

Mixed Layer Depth Insolation
1k 100
801
12 /i
o —— 2000s ~ ol / =
Q - -
£ 10t 2090s T\E | \
& Saf ) R\
8r J | — 2000s
20+ / -=—- 2090s
6l
i i i i i oL i i i i
2 4 6 8 10 12 2 4 6 8 10 12
Manth Manth
Mixed Layer Temperature W velocity
0.3

—— 2000s
-=— 2090s

| — 2000s| 7\
-— 2000s| /O

4 / \ 0.11
? / oy
o . \ 0.0
3 2 / \ £
/' 1y -0.1
0 \‘
K \ -0.2
- Z .
-2 -0.3
2 4 6 8 10 12 2 4 6 8 10 12
Manth Manth

Figure 15: Components of the physical forcing for the
decade of the 2000s (solid line) and 2090s (dashed line),
at point C in the central North Pacific shown in Fig. 10.

ern North Pacific, the large changes in mixed layer depth
overwhelm the changes due to temperature. In the central
North Pacific, 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.

c. Bering Sea

The components of the physical forcing at point C, in
the Bering Sea, are shown in Fig. 15. 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 Sea is shown in
Fig. 16. The phytoplankton bloom comes slightly earlier
in the year during the 2090s, a consequence of the earlier
mixed layer warming. The overall magnitude and evolution
of the phytoplankton concentrations are otherwise similar
between the two time periods. This is because the transition
of ~ through zero is almost the same in all cases (Fig. 16d).
This, in turn, is because the physical factors that affect -y are
little changed between the two decades. In particular, the
transition of ~ through zero occurs early in the year, when
the mixed layer temperature is the same. Consequently, the
increase in productivity seen in the region (Fig. 10) is due to
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Figure 16: Annual cycle of phytoplankton (top) and her-
bivore (bottom) concentrations (mmN m~3) from the bio-
logical model at point C in the central North Pacific. The
physical forcing applied to the various runs is indicated in
the legend.

summer increases in the growth rate (Fig. 16d) forced by the
warmer mixed layer temperatures, rather than by changes in
phytoplankton concentration (as was found in the western
and central North Pacific).

7. Discussion

The results in the previous section illustrate the impor-
tance of ymin, the yearly minimum value of the effective
growth rate (c.f. Sverdrup’s 1953 critical depth theory).
Where ymin drops below zero in midwinter, the subsequent
transition of + through zero in the spring leads to large val-
ues of the specific effective growth rate (1/v)dvy/dt, and
consequently to a spring bloom. Where i, never becomes
negative, the specific effective growth rate generally stays
large enough to prevent a bloom, and phytoplankton con-
centrations tend to be near their equilibrium values at all
times.

This dependence on v, Suggests partitioning the North
Pacific into three regions based on the following criteria:

1. vmin > 0 in both the 2000s and 2090s. In these lo-
cations, spring blooms tend not to occur, and phy-
toplankton concentrations are little different between
the 2000s and 2090s. The main change in primary
productivity in the 2090s therefore arises from changes
in the phytoplankton growth rate «, which increases
everywhere due to the mixed layer warming. In these
regions modest increases in productivity are expected.

2. Ymin < 0 in both the 2000s and 2090s. In these lo-
cations, spring blooms occur in both time periods. In
lieu of significant changes in the spring bloom, future
primary productivity is again most affected by effect
of warmer surface waters on a. Therefore, primary
productivity will tend to increase in these regions.

3. Ymin < 0in the 2000s, but > 0 in the 2090s. In these
regions, the physical forcings are such that a bloom
is seen in the 2000s but not in the later period. The
increase in iy in the 2090s can be accomplished by
either greater stratification leading to decreased win-
ter mixing (as seen at point A, in the western North
Pacific; section 6a) or by warmer mixed layer temper-
atures acting together with modest changes in mixed
layer depths (point B, in the central North Pacific;
section 6b). In these locations, the removal of the
spring bloom results in decreased primary productiv-
ity, sometimes significantly, in the 2090s.

Figure 17 shows these three regions in the model. In the
subtropics, ymin iS always positive (no shading), and there
is no spring bloom now or in the future. North of about
55°N, vmin IS always negative (stipple), and spring blooms
are found. The main effect of anthropogenic forcing is to
push the boundary of the region where spring blooms are
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Figure 17: Regions where vy is negative in both the 2000s
and 2090s (stipple), where ymin is positive in both time pe-
riods (no shading); and where ymin iS negative in the 2000s
but positive in the 2090s (crosshatch).

found to the north. This is because in the south, more con-
stant daylight and warmer water temperatures keep the ef-
fective growth rate positive all year; in the north, the cold
waters and weak sunlight in the winter enable the effec-
tive 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 shal-
lower mixed layer depths) both act in the direction of in-
creasing ymin, the southern regime inevitably extends north-
wards. The simple biology of the NPZ model has a ten-
dency to over-predict regions of spring bloom, 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 grazing (Frost 1991), or
deep mixing (Mitchell et al. 1991); see also Obata et al.
(1996)).

The conclusion that the region of spring phytoplank-
ton blooms moves northward under anthropogenic warm-
ing is a robust prediction of the physical/biological model
studied here. Different physical forcings (perhaps obtained
from different coupled ocean-atmosphere models), or differ-
ent 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 mono-
tonic over the region.

Regions that lose their ability to support spring blooms
will have less primary productivity when averaged over the
year. 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 of the physical forcing, different biological systems
than modeled here might behave differently. For example,
in the real world, shifting distributions of species (each with
their own way of reacting to the environment) might com-
pensate for the changing environmental conditions. This
question will need to be addressed by more elaborate bio-
logical 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.

8. Conclusions

Anthropogenic forcing can be expected to have an ef-
fect on ecosystems that respond to changes in the the phys-
ical environment. One example is the ocean ecosystem,
where phytoplankton concentrations depend on water tem-
perature, sunlight, mixed layer depth, and the upwelling of
nutrients from below. This study has used the environmen-
tal predictions of a coupled ocean-atmosphere general cir-
culation model run to the 2090s to force a NPZ (nitrogen-
phytoplankton-zooplankton) biological 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 primary productivity decreases in a belt
of longitudes across the central North Pacific, while increas-
ing in the Bering Sea and subtropical Pacific. This behavior
can be understood by considering the phytoplankton’s effec-
tive growth rate -, which is the growth rate modified to take
into account losses due to respiration and vertical mixing.
North of about 50°N, ~ becomes negative in the dim mid-
winter months; in the south, it is always positive. Large
changes in the specific effective growth rate (1/~)dvy/dt
lead to spring blooms, so in places with negative midwinter
values of ~, spring blooms occur after - transitions through
zero.

The primary effects of the anthropogenic forcing are to
warm the mixed layer and (more regionally) decrease mixed
layer depths. Both tend to increase midwinter values of ~.
This moves the region where spring blooms are possible far-
ther to the north. The loss of spring blooms in the belt of
longitudes left behind leads to lower primary productivity
in that region when averaged over a year. In regions where
the spring bloom (or lack thereof) does not change in the
2090s, productivity increases due to the higher growth rate.

The main conclusion of this work — that the region of
spring blooms moves northwards due to anthropogenic forc-
ing, leaving behind a lower-productivity region — is robust to
details of the physical forcing used. Environmental changes
from a different coupled ocean-atmosphere model would
likely have given a similar result (although the exact lati-
tude of the regions might well be different) as long as the



mixed layer warming is monotonic over the region. Chang-
ing 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, how-
ever, 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. Consideration of such issues awaits results from
more complex biological models.
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Appendix A: Biological Model Equations

The biological model used here is similar to that de-
scribed in EP85, with only a minor difference due to the
splitting of the vertical mixing term into two components,
large-scale upwelling and local turbulent mixing. The equa-
tions 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, NV, and the con-
centration of nitrogen held in the phytoplankton (P) and
herbivores (H). The time evolution of these quantities is
given by:

M = () 1)
N = —yP+u(N,-N-P) )
P = yP-zH A3)
o= (fe-g-Un @

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

_ me +my + ()
- M

®)

where m, is the large-scale upwelling or downwelling driven
by Ekman processes (values taken from the physical model),

my is a local turbulent exchange at the base of the mixed
layer, and (T (¢) = max(¢(t), 0) is the entrainment rate. The
vertical mixing term in the herbivore equation is unlike that
in the other equations (using ¢ instead of ¢*) because her-
bivores are assumed able to move up in the water column
during times of detrainment. The effective growth rate term,
7, is given by:

a(t, M, P)N
It takes into account the phytoplankton growth rate, «, as
well as losses to respiration () and vertical mixing (u). Be-
cause « is the dynamically important variable, not a;, most
of our analysis is done in terms of ~.
The term describing grazing of phytoplankton by herbi-
vores, z, is given by:

C(P — P())

“TK+P-R Y

The meaning and values taken for the other parameters
is the same as in EP85 (their table 1), and so are not re-
peated here, with the following exceptions. The local turbu-
lent exchange, my, 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 cm2 sec—!. The at-
tenuation of light due to water is taken to be 0.04, and the at-
tenuation due to self-shading by the phytoplankton is taken
to be 0.06; these values are taken from the subarctic Pacific
experiment of EP85.

a. Equilibrium solutions

The equilibrium solutions to the model equations are ob-
tained by setting the time derivatives to zero. The equilib-
rium phytoplankton concentration is:

. K
P _Po+—¢_1 (8)

where ¢ = fe/(g — (/M) represents a net grazing effi-
ciency 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 verti-
cal mixing. For the values used here, ¢ ~ 7. Thus, roughly
speaking, P* ~ P, + K/6 ~ 0.27. This is a direct func-
tion 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 equilibrium
(P* increases). If the loss of herbivores to carnivores (g)
increases, then ¢ decreases and again the equilibrium phy-
toplankton concentration increases.
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Figure 18: Equilibrium nitrogen concentration (mmN m—3)
as a function of total vertical mixing (m. + m; m day—1)
and growth rate (a; day—1).

The equilibrium nitrogen concentration is the solution to
a quadratic equation, (—b + (b*> — 4ac)'/?)/2a, where

a = 1 9
b = (a=r)P*/u+j—N, (10)
¢ = —j(rP*/u+N,) (11)

Although the solution to this is algebraically complicated,
over a reasonable range of parameters the strongest depen-
dence is on «, N,, and the vertical mixing (m. + my).
The dependence on N, is straightforward and unsurprising;
the greater the deep nitrogen concentrations, the greater the
equilibrium value in the mixed layer is. The dependence on
(me + my) and « is shown in Fig. 18, with all other val-
ues at their defaults for the biological model and a mixed
layer depth of 30 m. At larger mixing rates concentrations
approach the deep value (N, = 10); as the vertical mix-
ing 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*v/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 (y). Note in
particular that the equilibrium phytoplankton concentration
is not dependent on the effective growth rate, while the equi-
librium 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 phytoplank-
ton population itself depends only on the efficiency of that
grazing.

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

1 dH* 1dy

H* dt  ~vdt (13

In particular, if -y increases through zero, the herbivore pop-

ulation is incapable of adjusting quickly enough to the alter-

ing environment, and a spring bloom generally results as the

phytoplankton growth is unchecked by a sufficient herbivore
population.
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