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Potential impact of climate change on marine export

production

Laurent Bopp,! Patrick Monfray,! Olivier Aumont,! Jean-Louis Dufresne,?
Hervé Le Treut,? Gurvan Madec,® Laurent Terray,* and James C. Orr!

Abstract.

Future climate change will affect marine productivity, as well as

other many components of Earth system. We have investigated the response of
marine productivity to global warming with two different ocean biogeochemical
schemes and two different atmosphere-ocean coupled general circulation models
(GCM). Both coupled GCMs were used without flux correction to simulate climate
response to increased greenhouse gases (+1% COg/yr for 80 years). At 2xCOa,
increased stratification leads to both reduced nutrient supply and increased light
efficiency. Both effects drive a reduction in marine export production (-6%),
although regionally changes can be both negative and positive (from -15% zonal
average in the tropics to +10% in the Southern Ocean). Both coupled models and
both biogeochemical schemes simulate a poleward shift of marine production due
mainly to a longer growing season at high latitudes. At low latitudes, the effect
of reduced upwelling prevails. The resulting reduction in marine productivity, and
other marine resources, could become detectable in the near future, if appropriate

long-term observing systems are implemented.

1. Introduction

Much effort has been devoted to address how cli-
mate will change due to emissions of greenhouse gases
and aerosols. Although large uncertainties still re-
main, particularly concerning cloud response, all atmo-
spheric general circulation models (GCM) simulate fu-
ture global warming if emissions of greenhouse gases
continue unabated. Previous studies with ocean GCMs
have demonstrated that such climate change will also
affect ocean circulation. To include such ocean feedback
on climate, recent studies have used coupled atmosphere-
ocean GCMs. Coupled models converge to a global
warming and simulate that Earth’s surface warms by
1°- 3°C when atmospheric CO4 reaches twice its prein-
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dustrial concentration [Houghton et al., 1996]. Coupled
GCMs also simulate that the ocean thermohaline cir-
culation becomes more sluggish. Formation of North
Atlantic Deep Water (NADW) is reduced and may
even collapsed entirely at 4xCO [Manabe et al., 1991].
Additionally, the upper ocean becomes globally more
stratified owing to increases in surface temperature and
precipitation [Manabe et al., 1991; Manabe and Stouf-
fer, 1993; Sarmiento et al., 1998].

How such physical changes will affect marine produc-
tivity is poorly understood. Any such changes would
obviously propagate up to the marine foodweb. For
instance, interannual variations in marine productivity
due to El Nifio have dramatically affected ocean fish-
eries yields and the human populations that rely on
them worldwide. Previous modeling studies have con-
tented themselves with focusing on how large climate-
induced changes could alter the ocean carbon cycle and
atmospheric CO, [Maier-Reimer et al., 1996; Sarmiento
and Le Quéré, 1996; Sarmiento et al., 1998; Joos et al.,
1999; Matear and Hirst, 1999]. The ocean carbon-cycle
models (OCCM) used for these studies were necessarily
simplistic. They used phosphorus-only based schemes,
either prognostically [Maier-Reimer et al., 1996; Joos
et al., 1999; Matear and Hirst, 1999] or diagnostically,
restoring to present-day observed surface phosphates
[Sarmiento and Le Quéré, 1996; Sarmiento et al., 1998].
These models simulate biogeochemical fluxes but do not
include explicit plankton dynamics.



82 BOPP ET AL.: CLIMATE CHANGE AND MARINE PRODUCTION

In contrast to previous studies, our focus is not on
ocean and atmospheric carbon. Instead, our interest is
on predicting the regional and global effects of climate
change on marine productivity. First we use a prog-
nostic geochemical model, similar to previous studies
[Maier-Reimer et al., 1996; Matear and Hirst, 1999)].
Second, as a measure of reliability, we use a more so-
phisticated biogeochemical model that includes explicit
phytoplankton dynamics.

2. Models and Simulations
2.1. Climate Models

Our biogeochemical simulations were conducted off-
line. That is, we used archived oceanic fields of ad-
vection and eddy diffusion, predicted from two differ-
ent coupled atmosphere-ocean GCMs, each of which
used the same ocean model. Coupled simulations were
made in the context of the Coupled Model Intercom-
parison Project II (CMIP II) of World Climate Re-
search Programme/Climate Variability and Predictabil-
ity Programme (WCRP/CLIVAR). With each coupled
model, we made two different climate simulations. The
first simulation consists of a control climate, in which
atmospheric pCO;, was kept constant at 350 ppm. The
second simulation is a global warming scenario in which
atmospheric pCO4 was increased from 350 ppm at a rate
of 1% yr~!, until it reached 2xCO, (700 ppm) after 70
years (Table 1a).

Both coupled GCMs use the same ocean model, Océan
Parallélisé Ice (OPAICE) [Madec et al., 1997]. That
ocean mode] is original for two principal reasons. First
it solves the primitive equations on a curvilinear grid
[Madec and Imbard, 1996], whose resolution averages
2° longitude by 1.5° latitude. Meridional resolution is
higher at the equator (0.5°) to take into account its
enhanced dynamics. Vertically, the grid has 30 lev-
els, 10 are in the first 100 m; the deepest layer is 500
m thick and reaches 5000 m. Second, vertical diffu-
sion and viscosity coefficients are computed prognosti-
cally using a 1.5 turbulent closure scheme [Blanke and
Delecluse, 1993], which describes turbulent kinetic en-
ergy (TKE) throughout the water column from sur-
face heat fluxes and wind stress as well as water col-
umn stability. Therefore OPAICE predicts turbulence
both in and below the mixed layer. Thus the mixed
layer depth varies in time. Furthermore, OPAICE
uses an isopycnal parameterization of lateral diffusiv-
ity but without horizontal background diffusivity [Lazar
et al., 1999]. Finally, OPAICE includes a simple sea-ice
model taking into account the relevant thermodynam-
ical processes concerning snow and ice transformations
[Filiberti et al., 1999].

The oceanic and atmospheric components of each
CGCMs are coupled through the coupler Ocean Atmo-

Table 1a. Climate Simulations

Run?® Experiment Climate Model
Lc Control LMD/OPAICE
Ls Scenario LMD/OPAICE
Ac Control ARPEGE/OPAICE
As Scenario ARPEGE/OPAICE

2L, for LMD/OPAICE, A for Arpege/OPAICE, c for ccn-

trol run (pCO> = 350ppm), s for scenario run (1% yr™!
increase in atmospheric pCOy).

sphere Soil Interface Software (OASIS) [Terray et al.,
1999]. The function of this module is to ensure time
synchronization of the atmospheric and oceanic com-
ponents and to perform spatial interpolation of the
coupled fields between the different atmospheric and
oceanic grids. Coupled simulations are made without
flux correction.

The two coupled GCMs differ only in their atmo-
spheric component. The first coupled model (L, Table
la), uses the atmospheric model of the Laboratoire de
Météorologie Dynamique, version 5 (LMD5) [Sadourny
and Laval, 1984]. This LMD5 model uses a finite dif-
ference numerical scheme. The horizontal grid has a
longitudinal resolution of 5.67; latitudinally, resolution
varies with the sine of the latitude. LMD5 has 15 ver-
tical layers.

The second coupled model (A, Table la) from Guil-
yardi and Madec [1997] uses the atmospheric model
Arpege (Climat Version 2) from Météo-France [Déqué
et al., 1994]. The Arpege model is a climatic spectral
atmosphere model based on the Arpege weather fore-
cast model. Its horizontal grid is based on a triangular
spectral T31 truncation, which corresponds to a grid
size of 3.75°. Arpege has 19 vertical layers including 3
layers in the stratosphere.

2.2. Biogeochemical Schemes

As a reference biogeochemical scheme, we use the
Hamburg ocean carbon cycle model (HAMOCC3), a
simple prognostic model based on phosphates [Maier-
Reimer, 1993]. In fact, HAMOCCS3 is not truly a bio-
geochemical model. Although it models geochemical
fluxes, it contains no explicit biology. We will refer to
this scheme as G, for geochemical (Table 1b). The G
scheme was implemented by Aumont et al. [1999] within
our ocean model. The G scheme links marine export
production (EP) to phosphate utilization in the upper
50 m through the following equation:

T +2°C 50 PO,? |
T +10°C Z,, Py +PO,’ (1)

EP:—‘T@I

where EP is defined as the part of the particulate or-
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Table 1b. Biogeochemical Simulations

Biogeochemical Run *

Biogeochemical Scheme

Climate Forcing

LGc HAMOCC3 Lc
LGs HAMOCC3 Ls
LBc P37ZD Lc
LBs P3ZD Ls
AGc HAMOCC3 Ac
AGs HAMOCC3 Ls

2G for Geochemical scheme (HAMOCC3); B for Biogeochemical scheme (P3ZD).

ganic carbon produced in the euphotic zone that is
transported out of the first 100 meters; POy is the mean
phosphate concentration in the upper 50 m, Py = 0.02
pmol L=1 Z,. is the mixed layer depth, T is the tem-
perature, I is an incoming radiation coefficient (whose
ranges from 0 to 1), and 7y is the maximum produc-
tivity rate (0.25 month™!). The term 50/Z,, approxi-
mates the inhibition of light utilization by turbulence.
It is applied only when the mixed layer depth is greater
than the euphotic zone depth (here 50 m). If the mixed
layer is shallower than 50 m, that term is set equal to 1;
that is, no light efficiency reduction is applied. Below
100 m, the production is exported and remineralized in-
stantaneously according to an empirical power law func-
tion derived from measured fluxes from sediment traps
[Suess, 1980]. This G scheme, coupled to OPA (Océan
Parallélisé), has been validated both for the seasonal
cycle of biogeochemical tracers [Aumont, 1998] and for
the interannual variability of carbon fluxes to the ocean
[Le Quéré et al., 2000].

Our second biogeochemical scheme is more true to
that term since it explicitly includes plankton dynam-
ics. We refer to it as the B scheme, B for biogeochemical
(Table 1b). More specifically, we use the P3ZD model
from Aumont [1998], an nutrient phytoplankton zoo-
plankton and detritus (NPZD) type model that includes
five reservoirs: phosphate, phytoplankton, zooplankton,
dissolved organic matter, and particulate organic mat-
ter. A similar scheme was previously included in the
Hamburg global OCCM [Sur and Maier-Reimer, 1996].
Aumont et al. [2000] detail the B scheme we use here.
Both explicit prognostic schemes provide a more real-
istic seasonal cycle of marine productivity and large-
scale transport of nutrients from upwelling areas to olig-
otrophic gyres. This B scheme computes explicitly the
penetration of light into the photic zone. Phytoplank-
ton growth depends on the local conditions of light,
temperature, and vertical eddy diffusion, which acts
to homogenize the concentration of phytoplankton cells
throughout the complete mixed layer. Additionally, the
B scheme allows us to explicitly diagnose chlorophyll
content. For that we use the relationship of Doney et al.

[1996] to compute the C/Chl ratio of phytoplanktonic
cells. The B scheme considers only one class of zoo-
plankton, which feeds on both phytoplankton and par-
ticulate organic carbon (POC). In the top 100 m of the
water column, POC is assumed to sink at a constant
rate (5 m d=!). Some of these particles reach 100 m
depth and thereby contribute to particulate export pro-
duction as defined for this paper. Subsequently, these
particles are exported instantaneously to depth follow-
ing the same empirical profile used in the G scheme.

2.3. Carbon-Climate Simulations

Practically, to reduce CPU requirements and make
our simulations feasible, we chose to use an off-line
tracer-transport version of the OPA ocean circulation
model. We coupled that ocean model with each of
our biogeochemical schemes. Thus our off-line exper-
iments were driven by archived monthly average fields
of advection and vertical turbulent diffusion from each
of the two dynamic coupled atmosphere-ocean models.
We made three pairs of simulations (Table 1b): the G
scheme was coupled to the L and A models (LG and AG
models), and the B scheme was coupled to the I, model
(LB model). Simulations were initialized with the final
steady state tracer distribution of Aumont et al. [1999].

3. Results
3.1. Climate Runs

3.1.1. Control runs. The climate of our two con-
trol simulations, one with each coupled model (Lc and
Ac), remains stable over the duration of the simulation
(80 years) [Barthelet et al., 1998a,b]. The overall at-
mospheric and oceanic circulations simulated in both
control simulations are generally consistent with mod-
ern observations and thus capture the gross features
of the present-day climate. However, differences be-
tween simulated sea surface temperature (SST) at the
end of the control simulations and the present-day SST
[Levitus, 1982] show some systematic biases. The Lc
SSTs are too warm in the Southern Ocean and too
cold in the tropics; the Ac SSTs are too warm in the
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Figure 1. Maximum mixed layer depth (wintertime) from (a) the climatologies and control
simulations for the (b) L and (c) A models. Shaied areas indicate regions where the mixed layer
depth exceeds 500 m. The criterion used in our model simulations is based on the predicted
vertical diffusion coefficient and differs from that used here for the climatologies (a difference of

0.125 kg m~3 in density relative to the surface).

eastern tropics, subtropics, and in the Southern Ocean.
The Southern Ocean is too warm in both CGCMs, and
Antarctic sea-ice cover is inadequate. Generally though,
deep water formation appears adequate in the Green-
land and Norwegian seas, as well as around Antartica:
in Ac both NADW and AABW form at a rate of 16
Sv; in Le, deep-water formation is much stronger, per-
haps too strong (nearly 30 Sv for NADW and 34 Sv for
AABW in Lc control simulation).

A principal difference between Ac and Lc control runs
concerns the predicted mixed layer depth. Figure 1
compares the maximum of the mixed layer depth pre-

dicted in both dynamical models to estimates from Lev-
itus [1982] climatologies. In Lc the mixed layer depth is
generally too deep, particularly in the Southern Ocean
(Figure 1) where it often extends beyond 1000 m. On
the contrary, in Ac, the mixed layer depth in the polar
frontal zone of the Southern Ocean is too shallow (less
than 600 m deep in Ac versus greater than 1000 m as es-
timated from the observations). The difference between
Ac and Lc in the Southern Ocean must be explained by
differences in the atmospheric component of the two
coupled models: in Lc, summer precipitation is inade-
quate; in Ac, loss of heat from the Southern Ocean is
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Figure 2. Time series of (a) atmospheric COy (ppm) which is constant for the control simulations
(dotted line) but increases at a rate of 1% yr~! for global warming simulations (dashed line),
(b) the global mean SST difference between global warming and control runs (A (dashed line); L
(solid line)), (c) the corresponding global difference in mean precipitation over the ocean, and (d)
the relative change in upwelling velocity (upward) accross 50 m, for L in the equatorial Pacific
(thin, solid lines) and off coastal Peru and Chile (thin, dot-dashed lines), as well as A in the same

regions (thicker lines, same patterns).

inadequate. The North Pacific is another region where
both models fail to reproduce a realistic mixed layer. In
that region, both models produce a mixed layer that is
too deep as well as excessive deep water formation.

3.1.2. Global warming runs. Both global warm-
ing simulations (As and Ls) showed substantial change
relative to their control runs (Ac and Lc) [Barthelet
et al., 1998a,b]. Most notable were increases in SST
(Figure 2b) and near-surface ocean stratification, ow-
ing both to warming and increased precipitation (Fig-
ure 2¢). At 2xCO; (years 65-75), global average surface
warming reached +1.5°C for Ls-Lc and +1.2°C for As-
Ac. Both estimates fall within the range of other CMIP
models (1°-3°C). The increase in precipitation over the
ocean during the last decade of integration was +2-3%
for Ls-Lc and +3-4% for As-Ac.

Increased temperature in the tropics and increased
rainfall in the high and middle latitudes cause a reduc-
tion of surface density from pole to pole in both models

(Figures 3a and 3b). This increased surface buoyancy
resulted in a general stratification of the surface ocean,
with a pattern that is surprisingly similar in both L and
A models (Figure 3c). However, the mixed layer depth
shoals considerably more in the Southern Ocean in L
relative to A. This difference is that in the control runs,
the mixed layer is much deeper and has more potential
for change, in Lc relative to Ac (Figure 1). Interest-
ingly, the As-Ac difference shows the opposite trend, a
deepening of the mixed layer, south of 70°S. This deep-
ening 1s generated by the gradual disappearance of the
Antarctic sea ice cover and the opening up of new areas
of deep convective mixing.

Global warming also affected the subsurface and deep
ocean: changes in sea surface temperature and salinity
drove reductions in NADW formation of about -13%
in both models (-4 Sv in Ls-Lc and -2 Sv in As-Ac).
AABW was also reduced in both models (about -3 Sv
in Ls-Lc, which is a 10% decrease). These changes were
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Figure 3. Zonal mean change in surface density (in kg m™3) including the total change (solid

line), the change due to temperature (dashed line) and the change due to salinity (dot-dashed
line) for (a) the L model, (b) the A model, and (c) corresponding changes in mixed layer depth
(m, log-scale) for L (solid line) and A (dashed line) models.

driven by warming and freshening in the high-latitude
surface waters. The freshening was driven both by in-
creased precipitation and ice melt, owing to general
warming.

Finally, both coupled models predict a reduction in
the intensity of coastal and equatorial upwellings. Fig-
ure 2d shows the relative changes in upwelling intensity
for the equatorial Pacific and off the coast of Peru and
Chile. This reduction is linked to a decline in the trade
wind intensity.

3.2. Biogeochemical Control Runs

The control climate simulations (AGe, LGc, and LBc¢)
were evaluated by comparing simulated PO43~ and par-
ticulate export production to available data. For the LB
model, we were also able to evaluate, on a global scale,
by comparing simulated surface chlorophyll to that de-
rived by remote sensing.

3.2.1. Phosphate. Simulated surface PO4>~ (Fig-
ure 4) shows similar patterns as the observations [Levitus

et al., 1993]: high concentrations are found near the
poles and in upwelling areas, and low concentrations
are found in the subtropical gyres. However, simulated
PO43~ differs from observations in several key regions.
In the Southern Ocean, PO43~ concentrations appear
very sensitive to vertical mixing: in AGc, vertical mix-
ing is weak, and surface concentrations are much too
low; in LGc and LBc, vertical mixing is stronger, and
PO43~ concentrations are more realistic. Yet we do not
mean to imply here that vertical mixing in the South-
ern Ocean in Lc is more realistic. Other factors also
enter in, in this high-nutrient low-chlorophyll (HNLC)
region, such as limitation by iron [Martin et al., 1987],
which are not included in our models. In the subtropical
gyres, all three models predict lower PO43~ concentra-
tions than observed. Conversely, in the North Pacific,
all models simulate a local maximum in surface PO,43~
roughly as observed, despite unrealistic vertical mixing.
The lack of that maximum has been a problem with
previous studies [Maier-Reimer, 1993; Siz and Maier-
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Reimer, 1996; Yamanaka and Tajika, 1996]. Nonethe-
less, this maximum is too weak and too far to the west
of North Pacific, in our models, owing to a poor repre-
sentation of the ocean dynamics in this region.

3.2.2. Chlorophyll. Data obtained from remote
sensing by NASA’s Sea-viewing Wide Field-of-view Sen-
sor (SeaWiFS) provide the means to validate the models
surface distribution of chlorophyll at the global scale.
Yet this validation effort could only be applied to our
LBc simulation because only our B scheme can be used
to diagnose chlorophyll content. Plate 1 shows the sim-
ulated and satellite-derived distributions of chlorophyll
at the surface for May and November. Globally, the
simulated patterns generally match those which are ob-
served. Concentrations below 0.1 mg Chl m~3 are found
in the oligotrophic gyres both in the model and the ob-
servations. In the high latitudes of the Northern Hemi-
sphere, the model reproduces the seasonal variability of
chlorophyll suggested by the satellite observations and

in situ measurements at NABE (North atlantic Bloom
Experiment) and India stations in the North Atlantic.
In the equatorial Pacific ocean, the predicted chloro-
phyll concentrations are largely overestimated, both in
May and November. Observations show concentrations
of ~ 0.1-0.3 mg Chl m~3, while in the model they ex-
ceed 0.4 mg Chl m~3. However, the equatorial Pacific
is an HNLC region. In situ experiments have demon-
strated that biological activity is indeed iron limited in
that region [Coale et al., 1996]. Another study sug-
gests that phytoplankton growth may also be limited
by the availability of silicate in this region [Dugdale and
Wilkerson, 1998]. Our B scheme does not include such
limitations. This may explain why the B scheme clearly
overestimates chlorophyll in this region. In other HNLC
regions (North Pacific, Southern Ocean), LBc also ex-
hibits the same defaults. In the North Pacific, LBc pre-
dicts values which are too high. In the Southern Ocean,
LBc simulates both a strong seasonality and a large spa-
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Plate 1. Surface chlorophyll (in mgm™2) derived from remote sensing (SeaWiFS) for (a) May
1998 and (b) November 1998, compared to simulated chlorophyll from LBc (c) May, and (d)
November.
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tial heterogeneity, similar to the observations, but sim-
ulated chlorophyll is too high, especially in November
(up to 2 mg Chl m~2 in the model versus less than 1
mg Chl m~3 observed).

3.2.3. Export production. We define partic-
ulate export production EP at 100 m as that part
of the primary production that is transported below
100 m. Simulated EP is 13.1 GtC yr=! in LGec, 9.5
GtC yr~! in AGc, and 11.1 GtC yr~! in LBc. These
global estimates fall in the range of POC export pro-
duction estimated from observations (3.5-20 GtC yr~1)
[Berger and Wefer, 1991; Jahnke, 1996] as well as that
from simulations with other global carbon cycle models
(8.5-15 GtC yr~!) [Nagjar et al., 1992; Anderson and
Sarmiento, 1995; Yamanaka and Tajika, 1996; Siz and
Maier-Reimer, 1996]. Our B scheme is novel because
it explicitly computes the primary production. In LBc,
the total primary production is estimated to 64.7 GtC
yr~!, which is near the upper limit of previous estimates
[Martin et al., 1987; Antoine et al., 1996].

Our zonal mean of export production is compared to
estimates derived from remote sensing of ocean color
(Figure 5). To make this comparison we first exploit
the primary production that was computed from the
CZCS ocean color archive [Antoine et al., 1996; Balka-
nski et al., 1999]. Then, we use a simple algorithm
[Berger and Wefer, 1991] to compute the f ratio and
derive the export production. Within the large uncer-
tainties associated with such a derivation, export pro-
duction derived from the observations are generally con-
sistent with that simulated by our three models (Figure

5). In the Southern Ocean though, export production
simulated in LGc and AGc is much larger than derived
estimates. Conversely, much better agreement is found
with simulation LBc, with its more sophisticated bio-
geochemistry.

Regionally, LGc and AGc show similar patterns of ex-
port production (Plate 2). The simple phosphate-based
G scheme used in these two models causes export pro-
duction to closely follow surface PO43~ concentrations.
As might be expected, differences in export production
between these two models result mainly from differences
in vertical mixing intensity (see section 3.2.1). For sim-
ulation LBc, the mechanisms of export are more com-
plex so that the link between export production and
surface PO43~ concentrations is not so evident. The
primary production is vertically distributed in the eu-
photic zone, and the export production also depends on
the depth of POC production. The deeper that POC
production occurs, the less it is regenerated in the first
100 m by grazing or remineralization, and the more it is
exported. Thus the maximum in export production in
the central and western equatorial Pacific is not due to
higher productivity than in the eastern part. Instead,
it is explained by a larger vertical extent of production
in this region (due to a deep mixed layer) unlike in the
east where all production occurs within the top 30 m
(due to a shallow mixed layer).

Again, we emphasize that all three of our biogeo-
chemical schemes are phosphate based. They lack lim-
itation by other nutrients such as Fe, N, and Si. They
will thus necessarily fail to reproduce many patterns
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Figure 5. Zonal mean of particulate export production (in gCm~2yr~!) derived from satellite
(solid line), and simulated by models LGc (thin, solid line), AGc (thin, dotted line), and LBc

(thin, dashed line).
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AGs-AGc, (e) LBc, and (f) LBs-LBc.
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explained by those missing nutrients, such as in some
HNLC regions.

3.3. Biogeochemical Global Warming Runs

Marine productivity in our global warming simula-
tions was substantially altered, relative to the con-
trol with both coupled models and both biogeochem-
ical schemes. We focus here on particulate export pro-
duction because it is the only quantity related to ma-
rine productivity that is simulated by the G scheme.
Thus we compare our three global warming experiments
(AGs, LGs, and LBs).

Models AG, LG, and LB all predict a global decrease
in export production at 2xCOs, i.e., during years 65-75
(Figure 6b). All three models simulate a reduction of
~ 6% (Table 2). This global decrease in export pro-
duction is linked to a decrease of similar magnitude of
the mean surface phosphate concentration (Figure 6a).
Except during the first 20 years of AG simulation, all
models show a positive correlation between global ex-
port production and global mean surface PO43~ con-
centration.

-'10.. .-8.. .-6.. .
APO4 (%)
Figure 6. Time series of the relative change (global warming minus control) for (a) surface

PO,*~ (LG (solid line), AG (dotted line) and LB (dashed line)), (b) corresponding changes in
export production, and (c) the two plotted versus one another.

-4 -2. 0. 2.

Other diagnostics available with the LB model reveal
that the decline in export production is also linked to re-
ductions in total primary production (-8.9%), in surface
phytoplankton cell content (-6.3%), and surface chloro-
phyll content (-8.5%). To look further into the future,
we continued our LG run until 4xCO, (at 140 years).
Around 3xCO; (year 110), export production is reduced
by 11% relative to the control. That lies between the
8 % decrease found by Maier-Reimer et al. [1996] and
the 15% decrease found by Matear and Hirst [1999] in
2100. At 4xCOg, export production was reduced by
more than 15%.

Zonally, the response of export production to global
warming at 2xCO- is surprisingly similar in all models
(Figure 7a). There is a a strong opposition between
high and low latitudes. All models show that the de-
cline in productivity is principally located in the tropics,
reaching -15 to -20%. Furthermore, all models simulate
that in subpolar regions (south of 50°S; north of 60°N),
export production increases by more than 10%.

In all three models (AG, LG, and LB), reductions
in low latitude export production are located similar-
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Table 2. Export Production. Control and Impact of Global Warming

LG AG LB
Control Scenario Control Scenario Control Scenario
High Latitude 0.87 0.91 (+5.1%) 0.87 0.93 (45.5%) 0.27 0.30 (+12.5%)
Midlatitude 6.5 6.1 (-5.1%) 5.2 4.9 (-4.7%) 4.0 3.9 (-0.5%)
Low Latitude 5.8 5.2 (-10.1%) 3.5 3.1 (-10.9%) 6.8 6.1 (-11.0%)
Total 13.1 12.3 (-6.6%) 9.5 8.9 (-5.9%) 11.1 10.3 (-6.6%)

2Given in GtC yr~!.

ily in Indian Ocean, Tropical Atlantic and Western Pa-
cific (Plate 2). Conversely, one of the largest conflicts
among models concerns simulated export production
in the North Pacific. Between 30° and 60°N, the LB
model shows no changes whereas LG and AG predict
a 10-20% decrease in export production. Other large
conflicts between models occur in the Southern Ocean.
The AG model predicts that climate change will induce
an increase in export production in the Weddell and
the Ross Seas, and even throughout the entire South-

ern Ocean (up to 20 gC m~2 yr=!). Conversely, the
LG and LB models predict much patchier changes in
export production accross the Southern Ocean: they
predict decreases in the Ross Sea and the southeastern
Pacific and large increases in the Weddell Sea and the
rest of the Southern Ocean.

We were also interested in changes in upwelling and
the response of marine productivity, especially in eco-
nomically important fisheries regions such as off of
coastal Peru-Chile and in the equatorial Pacific. A weak
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Figure 7. (a) Relative change of the zonal mean of export production (global warming minus
control) for the decade of 65-75, simulated by LG (solid line), LB (dashed line) and AG (dotted
line); (b) the total relative change (solid line) in LG export production and changes due to thermal
LGt (thin, dashed line), stratification LGz, (thin, dotted line), and nutrient LGy (thin, solid
line) effects; (c) the relative change of surface chlorophyll from LB (solid line) for the decade
65-75, and the zonal mean of detectability criterion (A/c) for surface chlorophyll (dashed line).
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Figure 8. (a) Equatorial Pacific export production (gCm~%yr™!) for LBc (solid line) and LBs
(dashed line). Heavy lines are 10-year running means; p is the mean of LBc; and (p — 2¢) is the
mean minus two times the standard deviation of LBc. (b) Estimation of detectability of export
production in the equatorial Pacific with LB model. Comparison of the detectability index DI
(heavy, solid line), the ratio A/o (dashed line), and a 20-yr running mean of A/o (thick, dashed
line). Within the grey band, there is less than 95% confidence that differences between LBc and

LBs are significant.

reduction in upwelling (Figure 2d) leads to decreased
nutrient supply in all simulations (nearly -10%). De-
creased nutrient supply reduces surface nutrient con-
centrations, thereby reducing export production by -5
to -15% (Figure 8).

Although the mechanism is simple (less PO43~, less
export) and can be invoked regionally as well as glob-
ally, does it explain all of the simulated changes in ma-
rine productivity? Changes in export production and
surface PO43~ are not correlated everywhere (e.g., com-
pare maps of each in Plate 2 and Figure 9). Thus other
factors come into play as will be discussed in section 4.

4. Discussion
4.1. Mechanisms

The simplest biogeochemical scheme is rudimentary
enough to allow us to separate out the factors that
limit export production. In the G scheme, (1) reveals
that the change in export production can be separated
into changes due to temperature, changes due to light

efficiency, and changes due to nutrient supply. Thus
we have recomputed export production using monthly-
mean fields of temperature, mixed layer depth, and
PO43~ concentrations from both the control experiment
and the global warming experiment. By difference we
thus quantify the relative contribution of each of the
three changes mentionned above (Figure 7b).

On one hand, the decline of surface nutrient supply
in LG results from reduced upwelling intensity and re-
duced wintertime vertical mixing. This decline occurs
nearly everywhere, thereby reducing surface PO43~ con-
centrations (Figures 9a-9c). Surface PO43~ drops by
up to 0.4 pmolL™!, in the North Pacific, the South-
ern Ocean, and the west equatorial Pacific. Figure 7b
shows that surface PO43~ reductions drive decreasing
productivity in the tropics and midlatitudes.

On the other hand, increased stratification leads to a
better photosynthetic efficiency during spring and sum-
mer. This effect is most notable in the mid latitudes
and high latitudes, where shallowing of the mixed layer
occurs earlier in the year and the deepening occurs later
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Figure 9. Evolution of surface PO43~ for the decade 65-75 (2xCO3) for (a) LGs-LGe, (b) LBs-
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concentrations). Evolution of the length of the growing season (defined

with a mixed layer shallower than 100m) for the decade 65-75 (2xCO32) for (d) Ls-Lc, and (e)
As-Ac (in days, contours are -50, -10, 10, and 50, shaded areas indicate an increased growing

season by more than 10 days.)

in the global warming simulation relative to the control
run. Consequently, the growing season length, defined
as the period when the light efficiency is reduced by half
or less (i.e., Z,, < 100 m), tends to expand (Figures 9d
and 9e). As an example, in the Southern Ocean (south
of 30°S), the length of the growing season increases by
~ 10 days and more than 50 days for several areas at
2xCO0O4 and for both coupled models. These modifica-
tions of seasonality and amplitude of the mixed layer
depth imply better as well as longer light utilization in
the euphotic zone. In the LGs model, the positive ef-

fect due to a longer growing season reduces the negative
effect due to decreased nutrient supply in the equato-
rial band and even leads to increased export in the high
latitudes (Figure 7b). Finally, the third factor, tem-
perature, does not significantly affect modeled export
production, except in the very high latitudes (beyond
70°).

Of course, the three limiting factors discussed here
are not independent. For instance, changes in sur-
face ocean winter stratification drive changes in surface
PO,43~; changes in surface ocean summer stratification
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affect light efficiency and thus the length of the grow-
ing season. This simple analysis cannot fully distin-
guish dynamical from biogeochemical effects. To offer
further insight, we provide sensitivity tests with two
different coupled dynamical models and two different
biogeochemical schemes, thereby illustrating the rela-
tive importance of incremental changes in circulation,
mixing, and biogeochemistry.

4.2. Sensitivity to Ocean Dynamics

To investigate the sensitivity of our results to the
choice of the climate model, we compared climate-
change effects in LG and AG. Both models show a sim-
ilar global decrease of export production, 6.6 and 5.9%,
respectively. Furthermore they show generally consis-
tent regional patterns of change. Yet the difference
between the high latitudes (increased production) and
the low and middle latitudes (decreased production) is
larger with AG than with LG. There are also other no-
table differences, namely in the Southern Ocean.

In the Southern Ocean, stratification increases more
in L than in A. In the latter, mixed layer deepens south
of 70°S (Figure 3¢). Yet both models predict an in-
crease in export production in this region, although for
different reasons. In LGc, deep convection limits export
production despite high phosphate concentrations. The
increased stratification in LGs reduces nutrient supply
(Figure 9a), but increases export production due to im-
proved light utilization, i.e., through shallowing of the
mixed layer. In AGs, export production is increased
relative to AGc because surface phosphate concentra-
tion increases south of 60°S (Figure 9c), owing to a
deepening of the mixed layer depth in the Weddell and
Ross Seas. In AGs, high phosphate concentrations are
higher throughout the entire Southern Ocean, thereby
increasing export production.

4.3. Sensitivity to the Biogeochemical Model

To investigate the sensitivity of our results to the
choice of the biogeochemical scheme, we compared chan-
ges in LG and LB. Despite strong discrepancies between
control runs, both models produced similar changes
in export production. Globally export production de-
creased by ~ 6% in both models, but this decrease oc-
cured mainly in the tropics, whereas export production
increased in the high latitudes. The only region where
these two models disagree substantially is the North
Pacific.

In LG, export production decreases in the North Pa-
cific with global warming, whereas LB shows even a
slight increase of export (Plates 2d and 2e). This differ-
ence is due to the importance of zooplankton grazing,
which LB is able to model explicitly. In the simplistic
model LG, only nutrient supply limits productivity in
this region. Less wintertime vertical mixing (see mixed

layer depth in Figure 10a) in LGs versus LGc reduces
the supply of nutrients (Figure 10b) and causes a re-
duction in export production (Figure 10c). Frost [1987]
also suggested that zooplankton grazing limits produc-
tivity in the North Pacific, an HNLC region. At 170°W,
45°N in this region, the spring bloom in LBc began
in April when the mixed layer shoaled rapidly. How-
ever, phytoplankton concentrations decreased after May
due to increased zooplankton grazing pressure (Figure
10d): in LB, zooplankton grazing limits productivity.
Decreased nutrient supply has no effect on export pro-
duction, which is already limited by grazing. Moreover,
the slight increase of export production owing to cli-
mate change (LBs-LBc) (Figure 10c) is explained by a
longer growing season (less springtime and summertime
vertical mixing).

4.4. Limits and Uncertainties

Two major uncertainties are indicated by our sensi-
tivity tests with the AG, LG, and LB simulations. First,
reducing uncertainties in ocean dynamics is crucial to be
able to properly evaluate climate impact on marine pro-
ductivity. Such is clearly demonstrated by differences
between the two coupled simulations AG and LG. The
Southern Ocean is particularly sensitive. In that region,
the water column simulated by LGc is weakly stratified
and there are large areas of deep convective mixing; in
AGc, the water column is much more stratified. The re-
sulting impact of climate change (LGs-LGc versus AGs-
AGc) differs dramatically. On the basis of the observed
mixed layer depth, it may be that these two simula-
tions would bracket real ocean behavior. However, the
link between the present state of the ocean and future
changes is not clear. A better representation of the hy-
drological cycle in the atmosphere 1s needed to properly
simulate ocean dynamics in the Southern Ocean. In the
ocean, there have been recent improvements in model-
ing, for example, parameterization subgrid scale mixing
eddies [Gent et al., 1995; Matear and Hirst, 1999] and
downslope transport which is important for deep-water
formation [Beckmann and Ddscher, 1997]. Ultimately
though, improving simulations of Southern Ocean cir-
culation may require much higher resolution and better
sea-ice models. Improved simulations of the Southern
Ocean physics would improve predictions of changes in
marine productivity.

Second, there are regional differences between simu-
lated changes in export production from our two bio-
geochemical schemes G and B. The more sophisticated
scheme B shows that zooplankton grazing can indeed
be limiting in some regions and that such process needs
to be accounted for under climate change. Other hm-
1ting nutrients such as Fe and Si are not accounted for
in our models. Changes in the supply of iron, both
from above (atmospheric deposition) and below (deep
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Figure 10. The seasonal cycle at 170°W,45°N (North Pacific) for (a) the mixed layer depth
for Le (solid line) and Ls (dashed line), with the grey shaded area denoting mixed layer depths

< 100 m, i.e., which defines the growing season (see text); (b) the mean PO43~

concentration

(pmol L™1) in the upper 50 meters for LGc (solid line), LGs (dashed line), LBc (dotted line),
and LBs (dash-dotted line); (c) the export production (gCm~2yr~!) for LGe (solid line), LGs
(dashed line), LBc (dotted line), and LBs (dash-dotted line); (d) surface phytoplankton (dotted
line) and zooplankton (dash-dotted line) for LBc (mgCL™!).

ocean supply), would alter marine production. Like-
wise changes in the supply of Si could also be impor-
tant in some HNLC regions. Nevertheless, using simple
phosphates-based biogeochemical schemes would also
mimic the effects of change in whatever nutrient sup-
ply from below. Indeed, the impact of change in Fe
and Si supply from the deep ocean to surface waters is
qualitatively accounted for in our models by subsequent
changes in PO4®~ supply from the deep ocean (internal
forcing). However, changes in atmospheric deposition
of iron on the ocean are independant and represent an
external forcing. Another inadequacy of our model is
that it does not account for the competition between
different species of plankton. Species abundance may
well change due to climate induced changes in ocean

circulation or mixing [Arrigo et al., 1999]. To account
for these effects, similar simulations must be made with
a more sophisticated biogeochemical scheme.

4.5. Detectability

Besides providing indications of the potential effects
of climate change on marine productivity, models can
also be used to provide clues about when such changes
could be detectable. A key constraint will be contin-
ued global monitoring of surface ocean color. Mod-
els can diagnose when the regional impact due to cli-
mate change surpasses natural interannual variability.
For example, we compare the zonal mean of the rel-
ative change of chlorophyll ([LBs — LBc]/LBc) for the
decade 65-75 with the ratio of change of chlorophyll
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to the standard deviation of interannual variability (
[LBs — LBc]/oLgc) (Figure 7c). It appears that we will
have the best chances to detect the effects of climate
change on chlorophyll in the tropics and the high lati-
tudes. In those regions at 2xCQO>, the impact of climate
change is twice as large as the modeled natural interan-
nual variability.

We are also interested in detecting change at the lo-
cal scale for a transient period. The evolution of export
production in the equatorial Pacific, simulated with
LBs, shows a rapid decline. This decrease can be fol-
lowed by the same ratio ( [LBs — LBc]/oLp. =A/0 ) as
above to estimate the timing of the reduction. This ra-
tio reaches 1 after 30 years and 2 after 60 years (Figure
8a), attesting a significant reduction from the control
run (with 70 and 95% confidence level, respectively).

If we integrate information over a longer period, we
have a greater constraint than when comparing A/o
for just 1 year. A more sensitive criterion is to define a
detectability index (DI), based on a Student test, that
compares the 20-year running mean of the global warm-
ing simulation ((X;),_s, ,) to the mean for the entire

control run (X.).

DI(t) _ | (Xs)t—fiDl,t - ()icl) |’ (2)
sV N. "+ N,

In this equation, s is the estimated standard deviation
from both simulations and N, and N, are the number
of years in each experiment (75 and 20, respectively).
In the LB model for the equatorial Pacific (Figure 8b),
the comparison of DI with A/o demonstrates their rel-
ative sensitivity and the importance of continuous time
series to detect anthopogenic change. When DI reaches
2, simulated export in LGs is significantly different from
that in LBc at a 95% confidence level. This criterion
is reached after 30 years of simulation, whereas the ra-
tio A/o reaches 2 only after more than 60 years. As
a sensitivity test, we can assume that our model un-
derestimates real interannual variability by a factor of
2. Doubling our simulated interanual variability means
that DI reaches 2 15 years later, for example, after 45
years of simulation. Thus this detection index even pre-
dicts a near future detection of export changes in this
region.

5. Conclusion

We have investigated the impact of climate change
on marine productivity as induced by a 1% yr=! CO,
increase, using two different coupled atmosphere-ocean
models and two different biogeochemical schemes.

Generally, our combinations of these models gave
similar responses to climate change. At 2xCO5, they all
predict a 6% global decrease in export production, and

models show opposing changes between the high and
low latitudes. Climate-induced changes in the ocean
decreased export production by 20% in the low lati-
tudes but increased export production by 30% in the
high latitudes. The factors driving this change are re-
vealed by a simplistic analysis with our rudimentory G
scheme. Changes in marine export are driven by oppos-
ing mechanisms: by reduced nutrient supply (mainly in
wintertime) and an increased light efficiency due to a
longer growing season that is longer by up to 50 days
at 2xCO,. Both changes result from increased stratifi-
cation in the upper ocean.

Despite such similarities, our sensitivity tests reveal
substantial regional discrepancies. Our results depend
on the skill of our models to simulate marine productiv-
ity, which in turn rely on model skill to simulate ocean
circulation. Improvements in both aspects will be nec-
essary to develop greater certainty in such future pre-
dictions.

Changes in marine production will impact biogeo-
chemical cycles, such as dimethylsulfide (DMS) and car-
bon, which in turn will feedback on climate [Matear and
Hirst, 1999; Sarmiento et al., 1998; Gabric et al., 1998].
Preliminary results of this carbon-climate feedback loop
are presented in a corresponding paper (P. Friedling-
stein, Positive feedback of the carbon cycle on future
climate change, submitted to Geophysical Research Let-
ters, 2000).

We also know that changes in marine production
will almost certainly impact higher trophic levels, even
though we have yet to include such complications in
ocean carbon-cycle models. Predicted changes in key
economic fisheries areas (e.g., in the equatorial Pacific
and off of coastal Peru and Chile) are large enough to
seriously affect human activities. In both coupled mod-
els, climate-induced reductions in upwelling lead to re-
ductions in export production of 10-15%. That would
exacerbate the present stress on fisheries in those re-
gions due to overfishing.

Our detectability index suggests in the equatorial Pa-
cific that we may be able to distinguish climate-induced
reductions in marine productivity from natural variabil-
ity when atmospheric pCO3 reaches 450 ppm. To detect
those changes it will be necessary to continue present
programs to globally monitor ocean color and to estab-
lish long-term biogeochemical time series stations in the
ocean.
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