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[1] Climate variability drives significant changes in the physical state of the North
Pacific, and there may be important impacts of this variability on the upper ocean carbon
balance across the basin. We address this issue by considering the response of seven
biogeochemical ocean models to climate variability in the North Pacific. The models’
upper ocean pCO2 and air-sea CO2 flux respond similarly to climate variability on
seasonal to decadal timescales. Modeled seasonal cycles of pCO2 and its temperature- and
non-temperature-driven components at three contrasting oceanographic sites capture
the basic features found in observations (Takahashi et al., 2002, 2006; Keeling et al., 2004;
Brix et al., 2004). However, particularly in the Western Subarctic Gyre, the models
have difficulty representing the temporal structure of the total pCO2 seasonal cycle
because it results from the difference of these two large and opposing components. In all
but one model, the air-sea CO2 flux interannual variability (1s) in the North Pacific is
smaller (ranges across models from 0.03 to 0.11 PgC/yr) than in the Tropical Pacific
(ranges across models from 0.08 to 0.19 PgC/yr), and the time series of the first or second
EOF of the air-sea CO2 flux has a significant correlation with the Pacific Decadal
Oscillation (PDO). Though air-sea CO2 flux anomalies are correlated with the PDO, their
magnitudes are small (up to ±0.025 PgC/yr (1s)). Flux anomalies are damped because
anomalies in the key drivers of pCO2 (temperature, dissolved inorganic carbon (DIC), and
alkalinity) are all of similar magnitude and have strongly opposing effects that damp total
pCO2 anomalies.

Citation: McKinley, G. A., et al. (2006), North Pacific carbon cycle response to climate variability on seasonal to decadal timescales,

J. Geophys. Res., 111, C07S06, doi:10.1029/2005JC003173.

1. Introduction

[2] At interannual to decadal timescales, the physical
state of the North Pacific is strongly influenced by the
dominant mode of decadal-scale atmospheric variability
associated with changes in the strength of the wintertime
Aleutian Low [Trenberth and Hurrell, 1994]. Changes in
surface wind stress alter Ekman flows, surface ocean mixing
and heat fluxes. The dominant pattern of the sea surface
temperature (SST) response was termed the Pacific Decadal
Oscillation (PDO) by Mantua et al. [1997]. Positive PDO

anomalies are associated with cold SSTs in the central and
western Pacific, and with warm SSTs in the Alaska Gyre,
along the North American coast, and southward into the
tropics [Miller et al., 2004; Mantua et al., 1997]. A wide-
range of ecosystem and fisheries impacts are associated with
the PDO pattern [Chai et al., 2003; Mantua et al., 1997;
Polovina et al., 1995].
[3] Russell and Wallace [2004] consider the pattern of sea

level pressure (SLP) across the Northern Hemisphere that
covaries with the seasonal drawdown in the atmospheric
CO2 record. They find that this pattern of SLP variability
has a strong similarity to the Northern Annular Mode
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(NAM), and that the normalized difference vegetation index
(NDVI) also varies in a spatially coherent way with the
atmospheric CO2 record. They conclude that large-scale
climate variability drives notable changes in the seasonal
carbon drawdown by the land biosphere.Miller et al. [2004]
illustrate an intriguing correlation of atmospheric CO2

anomalies at Mauna Loa with the PDO. Since the North
Pacific Ocean also responds to climate variability, is it
possible that a portion of the observed variability in the
atmospheric CO2 record is due to the North Pacific Ocean?
In their atmospheric inversion study, Patra et al. [2005] find
such a relationship, suggesting that the sea-air CO2 flux
over the North Pacific is significantly associated with the
PDO at 5 months lag. Newman et al. [2003] and Rodgers et
al. [2004] illustrate a strong relationship between the PDO
and the El Niño–Southern Oscillation (ENSO) cycle, and
Wong et al. [2002a] have shown that carbon cycle variabil-
ity at Ocean Station Papa (OSP) in the northeast Pacific is
correlated with ENSO.
[4] Recent inversions of atmospheric CO2 data [Baker et

al., 2006; Peylin et al., 2005; Patra et al., 2005; Rödenbeck
et al., 2003; Bousquet et al., 2000] suggest significant air-
sea CO2 flux variability in the North Pacific. The Trans-
Com3 interannual results, summarized by Baker et al.
[2006], suggest a variability of ±0.5 PgC/yr in the extra-
tropical North Pacific, but without a clear forcing mecha-
nism. Patra et al. [2005] find that North Pacific annual
fluxes vary ±0.3 PgC/yr from 1988 through 1998, and then
amplitudes of interannual variation increase to �0.3 to
+0.9 PgC/yr from 1998 to 2003. We would like to under-
stand why biogeochemical ocean models suggest much
smaller variability in the extratropical North Pacific [Wetzel
et al., 2005; McKinley et al., 2004; Obata and Kitamura,
2003; Le Quéré et al., 2003, 2000; Winguth et al., 1994],
and determine if this modeled response is consistent with
the available in situ observations.
[5] Changes in the year-to-year CO2 flux response to

climate variability are primarily a function of the surface
ocean response to climate changes, and there are also likely
to be long-term trends in ocean CO2 uptake due to the
buildup of anthropogenic CO2 in the atmosphere. However,
data for quantification of interannual variability and long-
term trends are relatively sparse. Sabine et al. [2004]
summarize recent observations changes in the uptake rate
of CO2 into the North Pacific. These studies suggest
increased uptake in the tropics and subtropics in the recent
past, but the temporal structure and magnitudes are not
consistent from study to study. In the subarctic, there is
more disagreement about recent changes. In the North
Atlantic, Feely et al. [2005] report that repeat hydrography
observations suggest significant changes in carbon uptake
rates, and results from repeat hydrography in the North
Pacific will soon be available. Models can help with
interpretation and synthesis of these kinds of observations.
They can help to understand driving mechanisms and fill in
the gaps in space and time between the observations.
[6] Several studies of extratropical North Pacific CO2

flux variability on interannual timescales have used time
series observations at Station ALOHA near Hawaii [Dore et
al., 2003; Brix et al., 2004; Keeling et al., 2004] and OSP in
the northeast subarctic Pacific [Signorini et al., 2001].
Across most of the Pacific, time series data are sparse. On

seasonal timescales, however, data for surface ocean pCO2

and sea-to-air CO2 fluxes in the subtropics and high
latitudes are more available [Takahashi et al., 2006, 2002,
1993; Keeling et al., 2004; Sasai and Ikeda, 2003; Signorini
et al., 2001]. Using cargo-ship observations in six biogeo-
chemical provinces of the subarctic North Pacific, Chierici
et al. [2006] illustrate dramatic east-west contrasts in total
pCO2 cycles due to different relative amplitudes in the
cycles of its component parts. The seasonal cycle of surface
ocean pCO2 results from the opposing influences of sea
surface temperature (SST) and biological and physical
influences on dissolved inorganic carbon (DIC). The
pCO2 is positively correlated with SST, and thus temper-
atures drive pCO2 low in winter and high in summer. The
DIC cycle has the opposite phase: Vertical mixing entrains
deep waters rich in DIC in winter and increases pCO2, while
in the summer, biological production reduces DIC and
decreases pCO2 in the stratified surface mixed layer waters.
Alkalinity and salinity cycles are small. The total pCO2

cycle at any location depends on the local balance of these
components. At Station ALOHA and OSP, Brix et al.
[2004] and Signorini et al. [2001] illustrate that the same
processes drive interannual variability in pCO2.
[7] In this paper, we compare seven ocean biogeochem-

ical models in the North Pacific to each other and to data on
seasonal to decadal timescales. Seasonal and interannual
comparisons to observations allow us to assess the accuracy
of model simulations of the upper ocean carbon cycle
response to climate forcing on these timescales. In light of
this evaluation, we consider the patterns of basin-scale
decadal timescale variability in the air-sea CO2 flux and
its driving components in response to climate forcing.
Specifically, we (1) assess model performance on seasonal
to interannual timescales in reference to data in three
distinct oceanographic regions; (2) elucidate the model
mechanisms that regulate interannual variability in the
North Pacific air-sea CO2 flux; and (3) highlight the
strengths of and several key challenges for ocean carbon
cycle modeling.
[8] This intercomparison benefits from the work of the

Ocean-Carbon Cycle Model Intercomparison Project
(OCMIP). OCMIP has illustrated that large differences in
ocean model physics [Doney et al., 2004a] can significantly
affect deep ocean ventilation and uptake of CFCs [Dutay et
al., 2002], anthropogenic carbon and 14C [Matsumoto et al.,
2004]. Many of the models presented here were included in
the OCMIP process, using earlier, typically coarser-resolu-
tion versions of their physical models with uniform biogeo-
chemical parameterizations agreed on in advance. This
effort is distinct from OCMIP in that the models have been
independently designed and executed. No part of these
models was prescribed to be consistent. Instead, these
models represent a sampling of the variety of ocean bio-
geochemical models used in current research to understand
the carbon cycle of the North Pacific and global oceans.
[9] This study is additionally motivated by the fact that

these and other similar models are being applied at the
global scale and in other basins to estimate current carbon
sinks, to explain mechanisms of ocean biogeochemical
variability, and for data interpretation. Versions of these or
similar models will be used in the next set of Intergovern-
mental Panel on Climate Change (IPCC)-class models for
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predictions of future climate states. Thus it is important to
evaluate how well current models capture the carbon cycle
and to identify ways in which models can be improved.
[10] In section 2, we describe the models and the data. In

section 3, we present model-data comparisons on seasonal
timescales at three North Pacific regions for which data is
available, and in section 4, we consider model-to-model
comparisons on interannual to decadal timescales. In sec-
tions 5 and 6 we discuss the comparisons and conclude.

2. Models and Data

2.1. Ocean Biogeochemical Models

[11] We compare North Pacific sea-to-air CO2 fluxes and
features of the surface ocean carbon cycle of seven ocean
biogeochemical models that are based on the following
physical models: (1) ROMS-Maine, based on the Regional
Ocean Modeling System physical model, configured for the
Pacific Ocean [Wang and Chao, 2004]; (2) MIT, based on
the MITgcm physical model [Marshall et al., 1997a,
1997b]; (3) UMD, based on the University of Maryland
Pacific regional model [Christian et al., 2002]; (4) NCOM-
Maine, based on the ocean component of the National
Center for Atmospheric Research (NCAR) Climate System
Model (CSM) [Gent et al., 1998], configured for the Pacific
Ocean [Chai et al., 2003]; (5) BEC-CCSM, based on the
ocean physical component of the Community Climate
System Model (CCSM-3) which, in turn, is based on the
Parallel Ocean Program (CCSM-POP 1.4) [Smith and Gent,
2004]; (6) MPI-Met, based on the Max-Planck-Institute
ocean model (MPI-OM) [Marsland et al., 2003]; and
(7) PISCES-T, based on the OPA (Océan PAralléllisé) physical
model [Madec et al., 1999]. Each modeling group made
independent choices for all aspects of the models, including
resolution, parameterizations, ecosystem structures, and
boundary and initial conditions. Model details are presented
in Table 1 and the additional references noted therein.
[12] Five models are z-coordinate models. The other mod-

els, ROMS-Maine and UMD, use s-coordinates and s-coor-
dinates, respectively. Horizontal resolution ranges from 0.5��
0.5� (ROMS-Maine) up to 3�� 0.6–1.8� (BEC-CCSM). Four
models are global, and three (ROMS-Maine, UMD, and
NCOM-Maine) are regional, with southern boundaries far
from the region of analysis. Six models use National Centers
for Environmental Prediction (NCEP) [Kistler et al., 2001]
surface forcing, and one (NCOM-Maine) uses Comprehensive
Ocean-Atmosphere Data Set (COADS) [da Silva et al., 1994].
The UMD model is unique in that the surface heat and
freshwater fluxes are modeled rather than specified from
reanalysis products [Murtugudde et al., 1996].
[13] Six models incorporate complex ecosystem repre-

sentations including various nutrient, phytoplankton, zoo-
plankton and detritus compartments. One model (MIT) uses
a simpler export parameterization accounting for light
limitation, nutrient limitation, and regional variability in
export efficiency. All models use the work of Wanninkhof
[1992] to parameterize gas exchange. The BEC-CCSM
model was run with a preindustrial atmospheric pCO2

boundary condition, which impacts mean pCO2, DIC and
alkalinity in comparison to data and other models. All other
models were run with anthropogenic-era atmospheric pCO2
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boundary conditions based on ice core records [Enting et al.,
1994], the Mauna Loa and/or South Pole time series.
[14] Finally, models were run for a range of timespans,

from 14 years (1990–2004, ROMS-Maine) to 56 years
(1948–2004, PISCES-T). In most models, some drift in
the North Pacific air-sea CO2 flux is observed in the first
years of the runs, and thus these years were not included in
this analysis. For NCOM-Maine, we neglect years after
1992 because surface forcing was transitioned from
COADS to pseudo-COADS (B. Winters, personal commu-
nication, 2000) in 1993, significantly altering the magnitude
of the air-sea CO2 flux seasonal cycle. Table 1 lists both
modeled and analyzed years and other distinguishing fea-
tures of the seven models.
[15] In most models, the anthropogenic pCO2 boundary

condition varies with time, and models may not be spun up
long enough to be in full equilibrium with the atmospheric
pCO2. Additionally, the models have different periods of
simulation. To address these challenges to model-to-model
comparison, we remove the mean values and detrend model
results for the bulk of our analysis and focus our analysis on
seasonal to decadal timescale variability. We briefly com-
pare mean modeled quantities and fluxes to data in sections
3.1 and 4.1.

2.2. Regional Surface Ocean Data

[16] We use comparisons of the models to seasonal data
in the Western Subarctic Gyre (WSG) and Alaskan Gyre
(AG) to evaluate the modeled response to seasonal forcing.
In the Subtropical Gyre, we compare model results to
seasonal and interannually varying data at Station ALOHA
near Hawaii.
[17] In section 3.2, we present seasonal comparisons to

ocean surface pCO2, sea surface temperature (SST) and sea
surface salinity (SSS) observations from the database of
Takahashi et al. [2006] at two regions in the North Pacific
(Figure 1): Kuril (46�N–50�N, 150�E–160�E) and Ocean
Station Papa (OSP, 47.5�N–52.5�N, 150�W–140�W). Data
are averaged across each region, binned by month and then
each monthly bin is averaged to form a climatological year.
At Kuril, 5330 observations from 1984–2002 are used, with
20% of binned months having data. At OSP, there are 6428
observations from 1973–2001, and 24% of binned months
have data. These areas are selected to test the models’
performance in oceanographic environments exhibiting
contrasting seasonal variability in surface water pCO2 as
well as to maximize the density of observations. The
monthly variability of the observed pCO2 values are on

average ±25 matm (1s), a large portion of which is attrib-
utable to meridional variability within each box area. Model
results are average seasonal cycles of all analyzed model
years (Table 1).
[18] Observations of sDIC and sALK in the WSG are not

available in the data set of Takahashi et al. [2006]. Instead,
we present observations from Station KNOT (44�N, 155�E)
[Tsurushima et al., 2002] where data were collected from
June 1998 to February 2000 in all months except for March,
April, and September.
[19] Brix et al. [2004] and Keeling et al. [2004] presented

a detailed analysis of the interannual variability of the
carbon cycle at Station ALOHA, the location of the U.S.
JGOFS Hawaii Ocean Time series (HOT) program
(22�450N, 158�00W). In this study, we compare modeled
cycles and interannual variability to their SST, SSS, salinity-
normalized DIC (sDIC), salinity-normalized ALK (sALK)
and pCO2 data from 1988–2002. Error in the observed
pCO2 is estimated at ±4 matm (H. Brix, personal commu-
nication, 2006).
[20] In the Kuril and OSP regions, observed phosphate

concentrations from the World Ocean Atlas (WOA01)
[Conkright et al., 2002] are compared to the models, while
at Station ALOHA, climatological phosphate data from the
HOT program [Karl and Lukas, 1996] is presented. For
nitrate-only models (NCOM-Maine, UMD), phosphate is
estimated from nitrate and the Redfield ratio (N:P = 16:1).
At Station ALOHA, this is a somewhat arbitrary correction as
upper ocean inorganic nutrient concentrations do not follow
Redfield stoichiometry [Karl et al., 2001], but this has little
bearing on the model-data comparison as concentrations of
both nutrients are uniformly low. WOA01 climatological
temperature and salinity fields [Stephens et al., 2002; Boyer
et al., 2002] are used to calculate observed mixed layer
depths (MLDs) in the Kuril and OSP regions, and HOT data
is used at Station ALOHA.Model MLDs are computed using
time-varying temperature and salinity and then averaged to a
climatological year. In both data and models, MLDs are
calculated using a Dsq criteria of 0.125 kg/m3.

2.3. Calculation of pCO2 Components

[21] Variability in temperature, dissolved inorganic car-
bon (DIC) concentrations, alkalinity (ALK) and salinity (S)
impact surface ocean pCO2. Separation of these multiple
influences allows a more detailed understanding of the
surface ocean carbon cycle and of the models’ representa-
tion of these processes. For this study, we separate these
influences in two ways.
[22] For comparisons at the seasonal timescale, we sep-

arate the influence of temperature (pCO2-T) from all other
influences (pCO2-nonT) as in the work of Takahashi et al.
[2002]. The separation is based on the experimental finding
of Takahashi et al. [1993] that the temperature effect for
isochemical seawater (@lnpCO2/@T) is 0.0423�C�1. The
two components are calculated following equations 1 and
2, in which the overbar represents the temporal mean value.

pCO2 � T ¼ pCO2 � exp 0:0423 SST � SST
� �� �

ð1Þ

pCO2 � nonT ¼ pCO2 � exp 0:0423 SST � SST
� �� �

: ð2Þ

Figure 1. Locations of data comparison.
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