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ABSTRACT

A high-resolution biogeochemical model is developed to examine the flux of
carbon dioxide from the equatorial Pacific Ocean, the major oceanic source of
atmospheric carbon. The model is run for the thirty year period from 1965 to
1994 to investigate interannual variability in the carbon dioxide flux and the
mechanisms leading to this variability. The model is forced by upper layer ve-
locities and upwelling from a non-linear high-resolution hydrodynamical model
of the tropical Pacific Ocean, the Florida State University Wind Stresses, and
the Reynolds sea surface temperatures. The two data sets consist of tens of
millions of individual real world observations.

The model demonstrates the link between the interannual variations of the
carbon dioxide flux and the El Nifio/Southern Oscillation (ENSO), and identifies
the responsible mechanisms. In particular, ENSO warm events are associated
with decreased carbon dioxide flux because of the reduced upwelling of deep,
carbon rich water into the surface layer and the weakening of the equatorial
trade winds that drive the flux. In contrast, during ENSO cold events enhanced
upwelling of deep, carbon rich water and stronger trade winds cause increased
carbon dioxide flux from the equatorial Pacific Ocean. Carbon dioxide flux
from the biogeochemical model compares well with the limited long-term ob-
servational data available. Interannual variations of the flux and proxy ENSO
indices of sea surface temperature and thermocline depth also indicate good
agreement.

Replacing one input forcing field of either upper layer velocities and up-

welling, wind stresses, or sea surface temperatures with six-day climatologies of

xvii



the respective field indicates that both winds and upper layer physics are es-
sential to reproduce the interannual flux variability. Sea surface temperature is
less important in determining the variability. Results from a box model forced
by zonally averaged input fields demonstrates that modeling the carbon diox-
ide flux from the equatorial Pacific requires an accurate representation of the

critical horizontal spatial scales in the region.
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1. Introduction

Studies of atmospheric CO, variability date to the early 19th century when de
Saussure [1830] carried out systematic measurements of regional CO, concentra-
tions. Since this early research, there has been continuous interest in examining
the variability of CO, concentration on scales ranging from daily to interannual
to millennial. Beginning in 1958 continuous measurements of atmospheric CO,
have been made from the Mauna Loa Observatory in Hawaii. More recently,
measurements of atmospheric CO, have become available from the over 100 land
and ocean sites under the coordination of the World Meteorological Organiza-
tion (WMO). As far back as the late 1950’s the ocean’s role in atmospheric CO,
concentration has been investigated [e.g., Craig, 1957; Keeling, 1958; Broecker
and Olson, 1960].

One major concern is the observed. increase in atmospheric CO, concentra-
tion over the last 150 years and its potential connection to global warming.
Researchers attribute this increase mainly to fossil-fuel consumption. Since the
beginning of the industrial revolution, the concentration of CO, in the atmo-
sphere has been increasing exponentially (figure 1). However, this increase in
concentration accounts for less than half the estimated anthropogenic input
(Schimel et al., 1994]. The fate of the remaining CO, is a matter of great de-
bate [e.g., Francey et al., 1995; Ciais et al., 1995; Toggweiler, 1995]. There are
two candidates for the so called “CO, Sink”: the oceans and the terrestrial bio-
sphere. However, the percentage of carbon taken up by each sink is uncertain.

The exponential increase is the most prominent feature of the atmospheric

CO, time series. In addition, the concentration of atmospheric CO, varies
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Figure 1: Atmospheric CO2 concentrations since 1744. Measurements are from air bubbles
trapped in ice cores (diamonds) [Neftel et al., 1994], and from Mauna Loa Observatory, Hawaii
(squares) [Keeling and Whorf, 1994].

on seasonal, annual, and interannual time scales (figures 2 —3). While some
studies have primarily attributed seasonal and annual variations to the uptake
and release of CO, by the terrestrial biota [Keeling et al., 1989], other studies
have linked variability on these time scales to oceanic processes [Merlivat et al.,
1991; Nefedova and Tarko, 1995; Antoine and Morel, 1995; Taylor, 1995|.

The variability of atmospheric CO, concentration on interannual time scales
has also been an area of intense study. The debate surrounding interannual

variability. is the same as that for the “CO, sink” and for seasonal and annual
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Figure 2: Monthly average CO2 concentrations from the Mauna Loa Observatory, Hawaii
(diamonds), and seasonally smoothed values (solid line). From Keeling and Whorf [1994].

variability. Namely, how much influence on the interannual variability is due to
terrestrial sources and how much variability is due to oceanic sources [e.g., Keel-
ing et al., 1989; Martin et al., 1994; Winguth et al., 1994; Meyers and O’Brien,
1995]. This study focuses on increasing the understanding of the ocean’s role in
the interannual variability of atmospheric CO, concentration.

The oceans have large regions of either net ocean-to-atmosphere CO; flux or
net atmosphere-to-ocean CO, absorption (figure 4; Takahashi [1989]). The equa-
torial regions of the Atlantic, Indian, and Pacific Oceans, as well as the northern

Indian and Pacific Oceans are all areas of net ocean-to-atmosphere CO, flux.
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Figure 3: Monthly average CO, concentration anomalies from the Mauna Loa Observatory,
Hawaii (diamonds), and annually smoothed anomaly (solid line). The monthly average CO,
concentrations from the Mauna Loa Observatory have been seasonally adjusted and the con-
tribution of CO2 owing to estimated fossil fuel combustion has been removed. From S. D.
Meyers (personal communication).

The southern oceans, the Arctic ocean, and the north Atlantic Ocean are all
areas of net atmosphere-to-ocean CO, flux. There is an estimated mean an-
nual ocean-to-atmosphere CO, flux of 1.55 Gt—C yr~! and an estimated mean
annual atmosphere-to-ocean CO; flux of 3.35 Gt—C yr~!. On balance, it is
estimated that the oceans absorb 1.8 Gt—C yr~!.

The equatorial Pacific Ocean is the single largest source region of ocean-to-
atmosphere CO, flux, accounting for over 60% of the mean annual net transfer

of CO, from the surface waters of the world’s ocean [Libes, 1992]. The equato-
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Figure 4: Estimate of mean annual net CO, transfer (Gt—C yr~!) from the ocean to the
atmosphere. The equatorial Pacific Ocean is the largest oceanic source of CO., accounting
for over 60% of ocean to atmosphere CO; flux. Adapted from Takahashi [1989].

rial Pacific is also the area with the most prominent interannual signal, the El
Nifio/Southern Oscillation (ENSO). ENSO is associated with large changes in
equatorial meteorological and oceanographic quantities, e.g., sea surface tem-
perature (SST), equatorial trade winds, precipitation, and equatorial upwelling.
Consequently, the equatorial Pacific provides a logical starting point in the in-
vestigation of the interannual variability of ocean-to-atmosphere CO, flux.
Many researchers have collected carbon data in the equatorial Pacific Ocean

around ENSO warm and cold events. Feely et al. [1987] collected data during



and after the 1982-83 ENSO warm event. They determined that decreased
upwelling during the warm event had two effects: first, the partial pressure of
CO, (pCO,) was reduced to a level that was near saturation with respect to the
atmosphere, and second, the ocean-to-atmosphere CO, flux became negligible.
Further, at the conclusion of the warm event, upwelling resumed, pCO, returned
to a condition of being highly supersaturated, and a strong ocean-to-atmosphere
CO, flux was reestablished.

Inoue and Sugimura [1992] took measurements in the equatorial Pacific of
pCO; from background air and seawater between January, 1987 and February,
1989, a period that included one ENSO warm event (1986/87) and one ENSO
cold event (1988/89). They found that there was decreased ocean-to-atmosphere
CO; flux (Qco,) during the warm event (= 0.4 Gt—C yr~!), enhanced Qco,
during the cold event (=~ 1.0 Gt—C yr~!), and that the zonal distribution of
pCO; in the surface waters during this period could be accounted for by the
effects on pCO, of temperature, salinity, biological activity and CO, flux to the
atmosphere. They hypothesized that this large interannual variation could effect
the growth rate of atmospheric CO,. Moreover, they believe that the long-term
trend in the 3C component (§'3C) of atmospheric CO, concentration indicates
enhanced releases of CO; from the terrestrial biosphere between 1987 and 1988,
and enhanced releases of oceanic CO; during the period 1988 to 1989.

Feely et al. [1995] took measurements of atmospheric and oceanic pCO,
in the central and eastern equatorial Pacific during the northern spring and
autumn of 1992, an ENSO warm event period. They estimated that there was a

net annual reduction of Qco, to the atmosphere of about (0.5-0.7 Gt—C yr~1).



Wanninkhof et al. [1996] collected surface water CO, fugacities (fCOay, partial
pressure of a non-ideal gas), Qco,, and SST measurements along 5 transects in
the central and eastern equatorial Pacific during the anomalously warm period
in the eastern equatorial Pacific (called the 1992-93 ENSO warm event by some
researchers). fCOs, takes into account the nonideality of CO,, and typically
differs from pCO, by 0.5 to 1.5 patm in surface waters. When compared with
similar data obtained during the spring of 1986 and the spring of 1989, they
found large interannual variabilities in the location and magnitude of the fCO,,,
maxima. They hypothesized that this variability is the result of the existence
of two different mechanisms for the formation of f{CO,, maxima, one for regions
of low SST and one for regions of high SST. In regions where SST is low, f{COa,,
maxima occur when water with high carbon content is being upwelled (low SSTs
in the equatorial region are an indicator of strong upwelling). In regions where
SST is high, maxima occur when the fCO,,, created by local heating outpaces
the decreases in fCO,,, caused by export production and gas exchange.

Several modeling studies have looked at either the steady-state condition
of CO, flux from the equatorial Pacific or the changes in the equatorial CO,
flux associated with individual ENSO events. Volk and Liu [1988] made an
early attempt to examine the connection between the equatorial Pacific and
anomalous Qco, using a three surface ocean box model. They determined
that outgassing in this region is controlled mainly by temperature, with higher
temperatures corresponding to larger CO, flux. Volk [1989], using a descendant
of his earlier box model, showed a connection between the cessation of upwelling

during an ENSO warm event and the decrease in pCO, in equatorial Pacific



surface waters 1 to 2 months later. This result is supported by Meyers and
O’Brien [1995].

Maier-Reimer [1993], using a coarse resolution general circulation model
(GCM) coupled to a geochemical tracer model of the Michaelis-Menten type,
was able to reproduce a realistic global tracer distribution. The model’s coarse
resolution, however, resulted in equatorial Pacific upwelling that was signifi-
cantly exaggerated, leading to unrealistic results. Winguth et al. [1994] us-
ing the same GCM as Maier-Reimer [1993] coupled to an oceanic carbon cy-
cle model (HAMOCC-3) investigated the connection of the 1982/1983 ENSO
to Qco,- They showed that the cessation of equatorial upwelling during the
1982/83 ENSO warm event lead to an anomalously low ocean-to-atmosphere
CO. flux. These results supported the earlier research of Volk [1989] and Keel-
ing et al. [1989] (described above) as well as other studies [e.g., Keeling and
Revelle, 1985; Winguth, 1992].

A few researchers have studied long term oceanic interannual variability
and its connection to atmospheric variability. Martin et al. [1994] found that
SST anomalies in the eastern equatorial Pacific Ocean preceded changes in the
growth rate of atmospheric CO, at Mauna Loa by about 5 to 7 months. These
SST anomalies also preceded changes occurring at Samoa and the South Pole
by 7 to 9 months, and changes occurring at Barrow (Alaska) by 8 to 13 months.
However, they found inconsistencies in this pattern and concluded that the
ocean, or at least oceanic SST anomalies, cannot completely account for at-
mospheric CO; anomalies. Meyers and O’Brien [1995) redefined the onset and

duration of ENSO based on sea level anomalies at central equatorial Pacific



islands. Using this definition they found that ENSO warm and cold events lead
corresponding negative and positive CO, anomalies by 1 to 2 months with a
maximum correlation of 0.47. These results suggest that the central equatorial
Pacific is the source of most of the atmospheric CO, flux variations.

On the other hand, no long-term modeling or observational studies of the
interannual variability of CO, flux from the equatorial Pacific Ocean have been
reported in the literature. The existing research involves either long-term fore-
cast models describing the ocean’s response to atmospheric CO; increases [e.g.,
Klepper et al., 1994; Klepper and de Haan, 1995; Keller and Goldstein, 1995;
Tett, 1995], or steady-state dynamic models forced by various chemical pertur-
bations [e.g., Toggweiler et al., b1989b; Sarmiento et al., 1992].

This study is the first attempt to model the interannual variability of the
CO, flux from the equatorial Pacific Ocean, and to determine the mechanisms
leading to this variability. In order to accomplish this, a high resolution bio-
geochemical CO, flux model of the equatorial Pacific Ocean is coupled to a
non-linear hydrodynamic model of the tropical Pacific. The model is forced by
the Florida State University wind stresses and the Reynolds SSTs (compris-
ing tens of millions of individual real world observations). Various experiments
are run to examine the interannual variability of the CO, flux and the physics
causing this variability.

This research is presented in five sections. First, the model used in this
work is described. This model consists of two components that are run sepa-
rately: (1) a hydrodynamic model of the upper tropical Pacific Ocean and (2)

a biogeochemical model of the equatorial Pacific Ocean. Second, the various



experiments designed to investigate the physics of the interannual variability
in CO, flux from the equatorial region are detailed. Third, the results of the
experiments are presented. Fourth, comparisons are made between oceanic and
atmospheric data. Lastly, the results of the model runs and the comparisons
with observational data are discussed.

It will be demonstrated that an accurate representation of both the up-
per layer dynamics and the overlaying wind field are required to determine the
CO; flux from the equatorial Pacific Ocean. Box models, steady-state experi-
ments, and low-resolution finite-difference models cannot adequately reproduce
the CO, flux from this region. Further, it will be shown that most of the
CO; flux as well as the variability in this CO, flux originates from the central
equatorial Pacific, not the eastern equatorial Pacific as previously thought [e.g.,
Winguth et al., 1994; Martin et al., 1994; Keeling et al., 1995].

Finally, this study will show that the ocean-to-atmosphere CO, flux is highly
influenced by interannual variability in the equatorial Pacific. During an ENSO
warm event CO, flux is greatly reduced as a result of: (1) the deepening of the
thermocline which reduces the normally strong equatorial upwelling, and (2)
the weakening of the easterly trades. By the same token, during an ENSO cold
event, stronger upwelling and easterly trades enhance CO, flux. SST is not a

primary effect influencing the interannual variability of CO, flux.
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2. Model

The model used in this study has two components which are run independently
of each other. The first component is a 1% layer reduced gravity ocean model
of the tropical Pacific forced by realistic monthly mean winds. This component
contains all of the essential upper ocean hydrodynamics. The second component
is an equatorial Pacific biogeochemical carbon tracer conservation model which
is used to calculate the oceanic pCO, and the corresponding flux of CO, to the
atmosphere (Qco,). Figure 5 shows the geometry of the study region, and the

domain of the model components.
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Figure 5: Detail of study region. The hydrodynamic model is integrated over the entire region
shown. The light grey box denotes the domain of the biogeochemical model.

2.1 Hydrodynamic ocean model

The hydrodynamic ocean model used in this experiment is a reduced gravity,
nonlinear shallow water transport model of the tropical Pacific Ocean. The
- description here will be brief. A complete discussion of the model can be found in

Kamachi and O’Brien [1995]. The model is formulated in spherical coordinates

11



on an Arakawa C grid. The equations of motion for this model (with ¢ being

longitude and # being latitude) are
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where U = uh and V = vh, represent the eastward and northward components
of the upper layer transport; (u,v) are the depth independent eastward and
northward upper layer vector velocity components; h is the upper layer thick-
ness; a is the equatorial radius of the Earth;  is the Earth’s angular velocity;
g = g(Ap/p) is the reduced gravity constant; (7%, 7)) are the eastward and
northward wind stress components modeled as a body force acting over the
entire layer depth; p is the horizontally constant upper layer density; A is the
horizontal eddy viscosity; g is the gravitational acceleration; and Ap is the den-
sity difference between the active upper layer and the infinitely deep, quiescent

lower layer.
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Equations (1)—(3) are integrated numerically on a sphere in the region 124°E
to 74°W and from 20°S to 25°N (figure 6). The horizontal resolution is 0.25°
in both longitude and latitude, between like variables. The model basin uses
realistic coastline geometry including major islands, with a no-slip boundary
condition applied. The model is integrated in time using a leapfrog scheme
with a forward difference scheme being used every 77th time step to eliminate
the computational mode (an artifact of the time differencing scheme). The dif-
fusive terms are computed using a DuFort-Frankel scheme. An open boundary
condition of the type described in Camerlengo and O’Brien [1980] is applied
to the northern and southern boundaries of the model region. In addition, a
mass entrainment scheme prevents layer surfacing, and mass conservation is ap-
plied every 48 time steps to offset mass flux through the open boundaries. The

parameters used in the hydrodynamic model are set out in Table 1.
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Figure 6: Detail of geometry for hydrodynamical tropical Pacific Ocean model.
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Table 1: Parameters used in hydrodynamic ocean model.
Parameter | Value

ot 30 minutes
750 m? s~}
0.02 m s~2
1025.0 kg m™3
300 m

80 m

1.2 kg m™3
0.0017

QY Qo

2.2 Biogeochemical model

The biogeochemical model developed for this study is an equatorial carbon
tracer model. The basic form of the tracer conservation equation is
ac 0Cw

E"FV-CII"!‘—B;-:S. (4)

where C is CO, concentration and S (sources minus sinks) includes not only

chemical and biological transformations but also CO, flux to the atmosphere.
Equation 4 is first integrated over a constant mixed layer thickness, H,

and then Reynolds averaged (spatial) from 3°S to 3°N. After making the eddy

diffusivity assumption [von Schwind, 1980] we obtain

-— + +K =5'_‘C—'_Hu—)_g—— (5)

where
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u = upper layer zonal velocity
v = upper layer meridional velocity
L = distance between 3°S and 3°N

K = Eddy diffusivity constant

The S term includes CO, flux from the ocean to the atmosphere, chemical
transformation, and biological activity. A complete derivation of the biogeo-
chemical model can be found in Appendix A.

CO, flux to the atmosphere is calculated using a version of the formulation

of Wanninkhof [1992]

Qeo, = [2.5(0.5246 + 1.6256 x 10T + 4.9946 x 107'7?)

1/2
+0.372] (681(?) ApCOa,, (6)

where 7 is the wind speed at 10m; T is the Reynolds SST [Smith et al., 1996]; Sc
is the temperature and salinity dependent diffusion coefficient (Schmidt num-
ber); and ApCO; is the difference between the oceanic and atmospheric pCO
(chosen to be 0.15 the oceanic pCO,). It is assumed that any equatorial uptake
of COy is small, therefore Qco, is always greater than or equal to 0. The ApCO,
is chosen to be a fraction of the oceanic pCO, to reflect that the vertical profile
of pCO; is not a step function between the pCO, of the ocean and the pCO; of
the atmosphere, but rather a gradient between the two. Since the atmospheric
pCOs; is relatively constant on an interannual time scale while the oceanic pCO,

is not, the approximation that ApCO, is dependent only on the oceanic pCO,
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is made.
Equation 6 is linearized about a mean salinity of 34.551%,,, and then Taylor
series expanded about a mean SST of 27.134°C and a mean squared wind speed

of 4.79 m? s~2, giving

Qco, = (4.4 x 1078 + 9.4 x 107°T + 2.7 x 10~472) ApCOs,. (7)

pCO; is a complicated function of CO, relating to temperature, salinity,
alkalinity, and the total concentrations of dissolved CO,, silica, borates, and
phosphate. pCO, is calculated with a method based on Broecker and Takahashi
[1978] (see Appendix B).

The biological component of S is a function of upwelled nitrate (the limiting
nutrient), and the extraction of available carbon in an amount proportional to
the Redfield ratio.

Parameters used in the biogeochemical model are set out in Table 2.

Table 2: Parameters used in biogeochemical model.

Parameter | Value

ot 6 hours

H 50 m

L ~670,000 m (6° latitude)
K 130 m2 57!

C-n 2400 uMol kg!
CI¥,Cls | 2015 (average value)
N_g 20.2 uMol kg !

ApCO, 015 C

C (rest) 2015 pMol kg™!
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3. Experiments

‘The model is spun up from rest (H = 300 everywhere) for a 20 year period using
a monthly wind stress climatology calculated from the FSU monthly mean wind
stresses for the period 1961 to 1992 [Stricherz et al., 1992]. The model is then
forced by the FSU monthly mean wind stresses for the desired years.
Meridionally averaged output fields of zonal velocity and upwelling (w) as
well as meridional velocities along 3°S and 3°N are saved every 6 hours. This
interval is chosen to satisfy the Courant-Friedrichs-Lewy (CFL) criterion for

numerical stability of the biogeochemical model

cAt
— <
Az — L 8)

where c is the propagation speed of the fastest moving disturbance generated
by the model; At is the model timestep; and Az is the grid spacing between like
variables [Courant et al., 1967]. Since there are no waves in the biogeochemical
model, the fastest moving disturbance is the estimated fastest zonal velocity
from the hydrodynamic model.

Rearranging equation 8 and estimating ¢ = 1.0m s~ gives

< 0.25° * (2ma/360)

At
- 1.0

~ 7.7 hours, 9)

where a is again the equatorial radius of the earth. For simplicity, At is chosen
to be 6 hours.

The upwelling velocity (w) is calculated from the hydrodynamic model using
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_an
w= At.

(10)
Lastly, the model fields of u, v, and w are averaged over At.

The biogeochemical model is run using the equatorial ocean model output
for the years 1961 to 1994, plus the observed FSU wind stresses [Stricherz et al.,
1992] and the Reynolds SSTs [Smith et al., 1996]. This run, with the full time
series inputs of model output fields, SST, and winds, will be referred to as the
“basic” model run.

Several different experiments are run to investigate the mechanisms behind
the variability in the CO, flux (table 3). In particular, 6-hour climatologies are
produced from the hydrodynamical model outputs, Reynolds SSTs, and FSU
wind stresses (SSTs and wind stresses by linear interpolation from monthly
data). The model is then run with various combinations of time series and
climatology forcing fields. In addition, an equatorial box model experiment is
run where the model is forced by the zonally averaged fields of hydrodynamical

model output, Reynolds SSTs, and FSU wind stresses.

Table 3: Model experiments performed. MOF is hydrodynamical model output fields, RSST
is the Reynolds sea surface temperatures, and FSUW is the FSU wind stresses.

Run Number | Run Details

1 (“Basic”) | MOF, RSST, FSUW time series

2 Box Model (Zonally averaged fields of MOF, RSST, FSUW)
3 MOF, FSUW time series; RSST climatology

4 MOF, RSST time series; FSUW climatology

5 RSST, FSUW time series; MOF climatology
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4. Results

Prior to this study, modeling of the ocean-to-atmosphere flux of CO, in the
equatorial Pacific Ocean was limited to box models [e.g., Hudson et al., 1994;
Craig and Holmen, 1995; Murphy, 1995], and coarse resolution finite difference
models [e.g., Toggweiler et al., a1989a; Sarmiento et al., 1992; Maier-Reimer,
1993; Winguth et al., 1994]. The results of this research provide an unprece-
dented opportunity to investigate the physics behind the interannual variability
of CO, flux from the dominant oceanic source region.

Output fields of Cr, pCO;, and Qco, are saved every ten days for the period
1965-1994. During the first three years of integration (1962-1964) the model
equilibrates to the physical forcing and forgets the “memory” due to the initial

state.

4.1 Climatology

Ten day anomaly climatologies are constructed from the thirty year time series
of Ct, pCO;, and Qco,, in addition to the anomaly climatologies of the input
forcing fields of 7, T', u, v, and w (figure 7).

The anomaly climatology of Cr (figure 7a) shows high values of Cy in the
easternmost 10° of the basin caused by: (a) strong near-coastal upwelling bring-
ing high concentrations of Cr into the surface layer; and (b) a small but steady
eastward zonal current which prevents these high values from being advected
away. The low values of Cr in the western warm pool are the result of the
minimal upwelling in that region. The large central Pacific region is dominated

by a double low, centered in March at 137°W and in October at 129°W. This
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double low follows the north/south migration of the intertropical convergence
zone (ITCZ) [Waliser and Gautier, 1993]. Upwelling is smaller during Decem-
ber through May, resulting in the more pronounced Ct minimum in the first
half of the year.

The anomaly climatology of pCO, (figure 7b) displays a strong similarity to
the anomaly climatology of Cr. The patterns of high values of pCO, in the east
and the low values of pCO, in the west are nearly identical to those of Cp. The
double lows of Cr in the central Pacific are mirrored in pCO,. The minimum
value of both Ct and pCO, in the second half of the year is more pronounced
because the SSTs in July through December are colder than those in January
to June.

The results of the anomaly climatology of Qco, (figure 7c) indicate that the
pattern of CO, flux is strongly influenced by equatorial winds. The high values
of Ct and pCO, in the east are not reflected in Qco, because wind speed in the
eastern Pacific is low from February to April when the ITCZ is closest to the
equator in this region. The low values of Ct and pCO, in the western Pacific
are enhanced in Qco,. This is created by the low wind speeds in this region
(especially compared to the rest of the Pacific basin). In the central Pacific
the double low in Ct and pCO, becomes a double high in Qco,, and is shifted
in both space and time (to August at 144°W and December at 157°W). These
maximums of CO; flux closely follow the maximums in wind speed in the central

Pacific, indicating a strong influence of wind speed on CO, flux.
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4.2 Results of basic model run

The thirty year time series of Ct, pCO,, and Qco, are highly variable in space
and time, as are the input forcing fields of 7, T, u, v, and w. These fields
are examined both as a time averaged zonal anomaly profile with +1 standard
deviation about the mean, and as a zonally averaged mean anomaly time series
with +1 standard deviation about the mean anomaly. For reference, the zonal
anomaly profiles of the input forcing fields are shown in figure 8 and the anomaly
time series of the input forcing fields are shown in figure 9. All the time series
profiles have had a one year running average applied to suppress signals on
an annual or shorter period. The time series of Ct, pCO,, and Cr (as well as
those of the input forcing fields) are compared against the onset and duration of
ENSO warm and cold events as defined by the JMA index [Japan Meteorological
Agency, 1991]. The red and blue color bars on the time series plots indicate
periods of ENSO warm and cold events, respectively.

The zonal anomaly profile of Ct averaged over the entire output time series
(figure 10a) in the west is low, but has higher variability than in the rest of
the basin. Upwelling is much smaller in this region (figure 8e), leading to lower
concentrations of Cr. However, when there is upwelling, the high Cr concen-
tration of the upwelled water causes a large change in the surface water Cp
concentration. The Ct concentration in the far east of the basin is high but not
as variable. Strong upwelling in this region maintains this high concentration.
Over most of the basin, Cr concentration is fairly constant as is the magnitude
of the local variability. The values of Cy in the west-central Pacific are slightly

higher than those in the east-central Pacific as a result of a mean westward
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zonal current in the central portion of the basin (figure 8c).

There is a strong correlation between ENSO and the zonally averaged
anomaly time series of Cr (figure 10b). That is, the onset of an ENSO warm
event corresponds to a decrease in Cp concentration, while the onset of an ENSO
cold event corresponds to an increase in Cr concentration. This trend is seen
not only in the zonal mean anomaly Cr time series, but also in the standard
deviation about the zonal mean anomaly, suggesting that this is a large-scale
effect. This pattern is caused by the change in upwelling due to ENSO. The
cessation of equatorial upwelling during an ENSO warm event (as seen in fig-
ure 9e) cuts off the major source of new Cr to the surface layer causing to the
drop in Cr concentration. In contrast, during an ENSO cold event, upwelling
increases, leading to a large influx of new Cr to the surface layer.

The time averaged zonal anomaly profile of pCO, (figure 11a) is similar to
that of Cr. However, values of pCO, in the west are similar to values of pCO,
in the rest of the basin, while Cy in the west is smaller than Cr in the rest of
the basin. This is the result of higher SSTs in this area (figure 8b). The higher
SST's in the western half as compared to those in the eastern half also account
for the greater pCO, in the western half than in the eastern half when compared
to the zonal anomaly profile of Cr.

The zonally averaged anomaly time series of pCO, (figure 11b) does not
follow the ENSO cycle as closely as Cy. Generally, pCO;, decreases during a
warm event and increases during a cold event. However, the pattern for pCO,
is not as clear as Cr because of the changes in SST associated with ENSO

(figure 9b). Higher SSTs during an ENSO warm event result in higher pCO,
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values, while lower SST's during an ENSO cold event result in lower pCO, values.

The time averaged zonal anomaly profile of Qco, (figure 12a) is significantly
different from the profiles of both Cr and pCQ,. This is because low wind
speeds and their low variability in the west (figure 8a) cause low Qco, with
little variability. In the far east of the basin there is high CO, flux with high
variability, a region of high pCO,, moderate winds, and moderate wind speed
variability. While the values of pCO, in the far east are high compared to the
values in the rest of the basin, this is not significant since the region affected
is small compared to the size of the basin. The region of largest CO, flux and
CO. flux variability is in the central Pacific (from about 170°E to 110°W), not
in the eastern Pacific where the SST change is the largest. This is because the
central Pacific is a region of both large wind speeds and moderately high SSTs.

The zonally averaged anomaly time series of Qco, (figure 12b) follows the
ENSO cycle more closely than pCO, but less than closely than Cp. For most of
the ENSO events, Qco, decreases during an ENSO warm event and increases
during an ENSO cold event. The reason for this is that the equatorial trade
winds are, in general, weaker during an ENSO warm event and stronger during
an ENSO cold event (figure 9a). However, during longer duration events (e.g.,
warm events in 1969, 1982-83, 1986, and 1991; cold events in 1970, 1974), Qco,
decreases at the beginning of a warm event and then increases, while at the
beginning of a cold event Qco, increases and then decreases. This is because
the trade winds (figure 9a) and upwelling (figure 9¢) begin returning to normal

prior to the end of the event.
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4.3 Model comparisons

Several different experiments are run to determine the physical mechanisms
behind the interannual variability of Qco, from the equatorial Pacific (table 3).
The box model experiment (# 2) and the climatological physics experiment (#
5) are run to determine the importance of the upper layer physics in interannual
Qco, variability. The climatological SST experiment (# 3) is run to show the
importance of SST as a primary effect, and the climatological winds experiment
(# 4) is run to examine the contribution of the winds to interannual variability.

The box model experiment is run with the zonally averaged (124°E - 77°W)
forcing fields of hydrodynamic model output, Reynolds SSTs, and Florida State
winds. The zonally averaged anomaly time series of Ct (figure 13a) from both
experiments roughly follow each other with the largest differences starting in
1985. The plot of relative difference (figure 13b) indicates that Cr in the basic
model run decreases much more during an ENSO warm event and increases
much more during an ENSO cold event.

The zonally averaged anomaly time series of pCO, obtained from the box
model and the basic model run (figure 14a) are similar to those of Cr (fig-
ure 13a). The plot of relative difference (figure 14b) highlights the main dis-
tinction between Cr and pCO,. That is, that the relative difference in pCO,
between the box model and the basic model run is 10 times larger than the rel-
ative difference in Ct between the two models. Further, while the mean relative
difference in Cr is -0.1 (box model Cy slightly larger than in the basic model
run), the mean relative difference in pCO; is 1.7 (basic model run pCO, higher

than box model).
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The Qco, produced using the two models (figure 15) is not as closely corre-
lated as either the Ct or pCO, was using the two models. This is because the
box model misses some cold events entirely (e.g., 1970 and 1988). As a result,
the plot of relative difference (figure 15b) shows that basic model run Qco, is
nearly always higher than box model Qco,-

Results from the box model run reveal the importance of a zonal structure
in explaining the physics of ocean-to-atmosphere CO, flux, but do not explain
the relative contribution of the input forcing fields to the interannual variabil-
ity. The physics involved in the variability is more closely explored by running
separate model experiments with climatological forcing fields for hydrodynamic
model output, SST, and winds.

Next, the results of the basic model run are compared with the results of
the model forced by climatological SSTs. During these experiments, the model
is also forced by the hydrodynamic model output and the winds from same the
33 year time series (1962-1994) used in the basic model run.

When forced by climatological SSTs the model shows little difference in Cp
(figure 16). There is a maximum relative difference of about 0.05% and a pattern
that demonstrates that Cr in the climatological SST run is smaller than in the
basic model run during an ENSO warm event, but larger than in the basic model
run during an ENSO cold event.

While the pCO, differs more between the climatological SST run and the
basic model run (figure 17) than does the Cr, the difference is still small. Since
pCO, is determined as a function of Cr and SST (Appendix B), the warmer

SSTs during an ENSO warm event lead to larger pCO, in the basic model run,
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while the colder SSTs during an ENSO cold event result in smaller pCO; in
the basic model run. Outside of an ENSO event the difference between the
two runs is negligible. Thus, the plots of zonally averaged anomaly time series
(figure 17a) nearly overlay each other in the periods between ENSO events.

The difference in Qco, produced during the two runs (figure 18) is virtually
identical to the difference in pCO, (figure 17). This indicates the temperature
effects of ocean-to-atmosphere CO, flux are small when the temperature range
is small, as has been shown to be the case in the equatorial Pacific [ Wanninkhof,
1992].

The results of the model experiment forced by climatological winds are more
dramatic, especially for Qco,, than the results for the climatological SST run.
Asin the climatological SST run, the greatest deviations between the climatolog-
ical winds run and the basic model run occur during ENSO events (figure 19a).
However, the relative difference between the climatological winds run and the
basic model run (figure 19b) are of opposite sign and about four times larger
than the relative difference resulting from the climatological SST run (higher
Cr in basic model run during ENSO warm event, lower Ct during ENSO cold
event). In addition, in contrast to the climatological SST run the zonally aver-
aged anomaly time series of the climatological winds run and the basic model
run also differ during non-ENSO periods.

The differences between the two runs appear small at first glance, particu-
larly in the zonally averaged relative difference (figure 20). However, the two
runs have contrasting zonal profiles (not shown) which offset their relative dif-

ference. In comparison to pCO; in the climatological winds run, the pCO, in
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the basic model run is larger in the central Pacific and smaller in the eastern
and western Pacific.

The largest deviations between the climatological wind run and the basic
model run occur in Qco, (figure 21). The climatological winds run misses
much of the variability associated with ENSO, notably during 1970, 1975, 1988,
and 1991 as illustrated in the plot of the zonally averaged anomaly time series
(figure 21a). Most of these are ENSO cold events. The plot of relative difference
(figure 21b) confirms that the largest differences occur during a cold event, where
Qco, from the basic model run exceeds that of the climatological winds run.

The last model experiment run used the climatology of the hydrodynamic
model output (“climatological physics run”). The results of this experiment
exhibited the largest deviations from the basic model run. This is because Cr
in the climatological physics run reproduces none of the interannual variability
associated with ENSO (figure 22a). When compared to the basic model run, the
climatological physics run has about 25% of the variability in Cp. The plot of
the zonally averaged relative difference (figure 22b) shows that the climatological
physics run always underestimates the Cy produced from the basic model run,
with an average offset of 1.3%.

The link between carbon chemistry and ENSO can be seen in the results
of pCO, produced from the climatological physics run (figure 23a). While the
comparison of Ct between the climatological physics run and the basic model
run (figure 19) shows that Cr in the climatological physics run has none of the
interannual variability found in the basic model run, the pCO, produced from

the climatological physics run does reflect the interannual variability associated
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with ENSO. This is due to SST (figure 9b), since pCO, is a function of SST
and Cr only, and Cr (figure 19) demonstrates no connection with the ENSO
cycle. The connection of pCO; to ENSO warm events is strong, but becomes
attenuated during an ENSO cold event. This is further demonstrated in the
plot of zonally averaged relative difference (figure 23b), where the relative dif-
ference between pCO, produced from the climatological physics run and pCO,
produced from the basic model run increases during an ENSO cold event and
decreases during an ENSO warm event. The mean offset between the climato-
logical physics run and the basic model run is significantly larger with respect
to pCO; (with a mean value of over 15%), than the mean offset with respect to
Cr (as seen in figure 22b).

The zonally averaged anomaly time series of Qco, for the climatological
physics run reproduces more of the interannual variability (figure 24), although
significant deviations still exist in some years (e.g., 1978, 1975, 1983, 1987). The
zonally averaged relative difference between the climatological physics run and
the basic model run (figure 24b) still demonstrates a large mean offset of more
than 15%, and has the same pattern as the plot of zonally averaged relative dif-
ference of pCO, (figure 23b), indicating the relative difference decreases during

an ENSO warm event and increases during an ENSO cold event.
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Figure 7: Hovmiiller diagrams of Ten-day Anomaly Climatologies. (a) Anomaly climatology
of Cr (uMol kg~=?!). The double low pattern seen in the central Pacific is caused by both
upwelling (which is weaker from December to May, figure 7h) and wind speed (which is
weaker from March to June, figure 7d). High values of Cr in the easternmost region are
caused by both upwelling and a small but steady eastward ocean current. (b} Anomaly
climatology of pCO2 (psatm). The pattern in pCOj is similar to that of Cr. The difference
in the later part of the year is caused by the cold SST, east of 140°W, from July through
January (figure 7e). (c) Anomaly climatology of Qco, (103 Gt—C yr~1). The pattern of
Qco, is strongly influenced by the strength of the equatorial trades. The equatorial trades
are weak in the eastern Pacific from December through May, and weak in the central Pacific
from March to June. (d) Anomaly climatology of = (m?s~2). (e) Anomaly climatology of
SST (°C). (f) Anomaly climatology of u (ms~1). (g) Anomaly climatology of v (ms~1). (h)
Anomaly climatology of w (m day ).
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Figure 8: Time averaged zonal anomaly profiles of input forcing fields. The black line is the
mean profile, the dashed lines are +1 standard deviation about this mean. (a) Zonal anomaly
profile of 7 (m? s72). (b) Zonal anomaly profile of SST (°C). (c) Zonal anomaly profile of u
(ms™'). (d) Zonal anomaly profile of v (ms~!). (e) Zonal anomaly profile of w (m day—?)
(the mean anomaly of w has been enhanced by a factor of 10 to show detail).

30



g g = ™ T ™ T Y- —— T ™
1963 Lo 1978 B .es 1990 1988 197C 173 Ak -] 983 166C

Figure 9: Zonally averaged anomaly time series of input forcing fields. The black line repre-
sents the mean profile of Cr, the dashed lines are +1 standard deviation about this mean.
The red bars show periods of ENSO warm events, and the blue bars show periods of ENSO
cold events (as given by the JMA index). (a) Zonal anomaly profile of = (m? s—2). (b) Zonal
anomaly profile of SST (°C). (c) Zonal anomaly profile of u {m s~1). (d) Zonal anomaly profile
of v (ms™'). (e) Zonal anomaly profile of w (m day~!) (the mean anomaly of w has been
enhanced by a factor of 5 to show detail).
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Figure 10: Model results of Ct. The black line is the average anomaly of C+, the red lines
are *1 standard deviation about this average. (a) Time averaged zonal acomaly profile of
Cr. Cr is lowest in the western warm pool, and highest in the eastern upwelling region.
Variability in Cr is mostly constant over the interior of the domain. (b) Zonally averaged
anomaly time series of Cy (1 year running average applied). The red bars show periods of
ENSO warm events, and the blue bars show periods of ENSO cold events (as given by the
JMA index). Cr decreases during warm events and increases during cold events.
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Figure 11: Model results of pCO, (lines are as defined for Cr in figure 10). (a) Time averaged
zonal anomaly profile of pCO2. pCO, profile is similar to Cr, except the low in the warm
pool is smaller in pCO; and the mean anomaly profile (black line) deviates more from zero.
(b) Zonally averaged anomaly time series of pCO, (1 year running average applied). pCO,
does not follow ENSO warm and cold events as closely as Cr. In general, pCO2 decreases
during warm events and increases during cold events, but counter examples exist (e.g., 1967,
1975, 1993).
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Figure 12: Modei results of Qco, (per unit area; iines are as defined for Cr in figure 10). (a)
Time averaged zonal anomaly profile of Qco.- Except for a narrow region in the far east,
most of the flux and flux variability is located in the central equatorial Pacific Ocean, from
about 170°E to 110°W. (b) Zonally averaged anomaly time series of Qco, {1 year running
average applied). Qco, follows the ENSO cycle more closely than pCO, but not as close as
Cr. Flux is stronger during ENSO cold events and weaker during ENSO warm events (except
for 1967 and 1993).
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Figure 13: Cr comparison with box model. (a) Zonally averaged anomaly Ct from the
biogeochemical model (black line) and the box model (dashed line), with a | year running
average applied to both curves. (b) Zonally averaged relative difference in Cr between the
biogeochemical model and the box model, with a 1 year running average applied. ENSO warm
evEnts a.teil slllggvsn by red bars, ENSO cold events by blue bars. The curves roughly follow each
other unt .
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Figure 14: pCO; comparison with box model. (a) Zonally averaged anomaly pCO» from the
biogeochemical model (black line) and the box model (dashed line), with a 1 year running
average applied to both curves. (b) Zonally averaged relative difference in pCO, between
the biogeochemical model and the box model, with a 1 year running average applied. ENSO
warm events are shown by red bars, ENSO cold events by blue bars. Differences seen in Cr
are exaggerated here, large departures can be seen in 1970-1975, as well as after 1985.
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Figure 15: Qco, (per unit area) comparison with box model. (a) Zonally averaged anomaly
Qco, from the biogeochemical model (black line) and the box model (dashed line), with a 1
year running average applied to both curves. (b) Zonally averaged relative difference in Qco,
between the biogeochemical model and the box model, with a 1 year running average applied.

ENSO warm events are shown by red bars, ENSO cold events by blue bars. There is a large
offset from 1966 to 1985, with the largest error being in 1988.
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Figure 16: Cr comparison with model forced by climatological SST. (a) Zonally averaged
anomaly Cr from the basic model run (black line) and the climatological SST run (dashed
line), with a 1 year running average applied to both curves. (b) Zonally averaged relative
difference in Ct between the basic model run and the climatological SST run, with a 1 year
running average applied. ENSO warm events are shown by red bars, ENSO cold events by
blue bars. Differences in Ct between the two model runs are negligible.
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Figure 17: pCO, comparison with model forced by climatological SST. (a) Zonally averaged
anomaly pCO; from the basic model run (black line) and the climatological SST run (dashed
line), with a 1 year running average applied to both curves. (b) Zonally averaged relative
difference in pCO, between the basic model run and the climatological SST run, with a 1
year running average applied. ENSO warm events are shown by red bars, ENSO cold events
by blue bars. The two curves follow each other ciosely with lower pCO, in the climatological
SST run during a warm event and higher pCO, during a cold event.
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Figure 18: Qco, (per unit area) comparison with model forced by climatological SST. (a)
Zonally averaged anomaly Qco, from the basic model run (black line) and the climatological
SST run (dashed line), with a 1 year running average applied to both curves. (b) Zonalily
averaged relative difference in Qco, between the basic model run and the climatological SST
run, with a 1 year running average applied. ENSO warm events are shown by red bars, ENSO
cold events by blue bars. Same pattern as for pCO; (figure 17), but a slightly larger relative
difference between the two runs.
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Figure 19: Ct comparison with model forced by climatological winds. {(a) Zonally averaged
anomaly pCO; from the basic model run (black line) and the climatological wind run (dashed
line), with a 1 year running average applied to both curves. (b) Zonally averaged relative
difference in pCO, between the basic model run and the climatological wind run, with a 1
year running average applied. ENSO warm events are shown by red bars, ENSO cold events
by blue bars. The difference in Ct between the two runs is larger than in the climatological
SST run and reversed with respect to the ENSO cycle (figure 16), with more Cr in the
climatological winds run during a warm event and less Ct during a cold event.

41



120 > - L 13 1 l:_ lx i ] { i 1 " )] i 1] i L ) l L 1 i 1 ) 1 L I3 L I
| T
"I B
£ Al
] R
1 't
\ W
-120 .7 T T 4 13 1 T L] A3 T T 1 1 1] L 13 1] L] | T A L ) ¥ ] * . 1
1965 1370 1978 1980 1985 1990
il 1 L L L il 1 i 1 1 i 1 ] 1 1 1 1 1 L i 1 1 L] i i i i H
1 L . (b)
164 - ’ 2
o B L
g
3 8 -ﬂ -
S L
o o) e — - L — T ——
»e " T —— \/ s — \/-'
-8 o ’ L
T T T Ll H 1 LS L ] 1 i ] L] T L ] Y 1 L] ] L T
1665 1970 1975 1880 198 1950

Figure 20: pCO, comparison with model forced by climatological winds. (a) Zonally averaged
anomaly pCO; from the basic model run (black line) and the climatoiogical wind run (dashed
line), with a 1 year running average applied to both curves. (b) Zonally averaged relative
difference in pCO, between the basic model run and the climatological wind run, with a 1
year running average applied. ENSO warm events are shown by red bars, ENSO cold events
by blue bars. The results for pCO; are similar to Cr (figure 19), but with a larger relative
difference between the two runs.
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Figure 21: Qco, (per unit area) comparison with model forced by climatological winds. (a)
Zonally averaged anomaly Qco, from the basic model run (black line) and the climatoiogical
wind run (dashed line), with a 1 year running average applied to both curves. (b) Zonally
averaged relative difference in Qco, between the basic model run and the climatological wind
run, with a 1 year running average applied. ENSO warm events are shown by red bars, ENSO
cold events by blue bars. Large differences between the two curves can be seen here. Qco,
in tl;g climatological wind run is much larger during a warm event, and much smaller during
a cold event.
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Figure 22: Ct comparison with model forced by climatological physics. (a) Zonally averaged
anomaly Cr from the basic model run (black line) and the climatological physics run (dashed
line), with a 1 year running average applied to both curves. (b) Zonally averaged relative
difference in Ct between the basic model run and the climatological physics run, with a 1
year running average applied. ENSO warm events are shown by red bars, ENSO cold events
by blue bars. The climatological physics run misses all the interannual variability seen in the
basic model run. While the relative difference between the two runs is not that large, it is
still 100 times larger than the relative difference in the climatological SST run (figure 16b},
and 10 times larger than the relative difference in the climatological wind run (figure 19b). In
addition, the relative difference is always positive with Cy in the climatological physics run
always less than in the basic model run.
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Figure 23: pCO; comparison with model forced by climatological physics. (a) Zonally aver-
aged anomaly pCO; from the basic model run (black line) and the climatological physics run
(dashed line), with a 1 year running average applied to both curves. (b) Zonally averaged
relative difference in pCO; between the basic model run and the climatological physics run,
with a 1 year running average applied. ENSO warm events are shown by red bars, ENSO cold
events by blue bars. The 1-2% relative difference in Cr (figure 22b) becomes a 10-20% differ-
ence in pCO;. The climatological physics run captures some of the interannual variability in
pCO2. The relative difference is again always positive, with the pCO; in the climatological
physics run always less than that in the basic model run.
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Figure 24: Qco, (per unit area) comparison with model forced by climatological physics. (a)
Zonally averaged anomaly Qco, from the basic model run (black line) and the climatological
physics run (dashed line), with a 1 year running average applied to both curves. (b) Zonally
averaged relative difference in Qco, between the basic model run and the climatological
physics run, with a 1 year running average applied. ENSO warm events are shown by red
bars, ENSO cold events by blue bars. There is still a large difference as in pCO, (figures 23),
but a little more of the interannual variability in Qco, is reproduced in the climatological
physics run. The relative difference is always greater than 0 (as in Ct and pCO,), indicating
that the climatological physics run always underestimates Qco,-
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5. Comparison With Observational Data

5.1 Ocean carbon measurements

As stated in the introduction, there have been no long term measurements of
ocean-to-atmosphere CO, flux, or related quantities, in the equatorial Pacific
Ocean. There have been many studies measuring Cr, pCO2, ApCO,, and/or
Qco, on a limited temporal or spatial range. Due to their limited observation
duration these studies are not useful in examining interannual variability. How-
ever, some researchers have made measurements for periods of 1 to 3 years.
This observational data was compared to the results presented in this study as
a means of validating the model.

Wong et al. [1993] estimated Qco, between hydrographic and chemistry data
collected from 1985 to 1988, during which time there was one ENSO cold event
(1985) and one ENSO warm event (1986). They estimated Qco, values over the
region between 170°W to 180° for two latitudinal ranges, 5°S-0° and 0°-5°N. If
the estimated Qco, values from Wong are summed and compared against the
basic model run Qco, from this study (averaged from 170°W-180° over the same
time period), a similar pattern can be seen (figure 25).

The CO, flux values from the basic model run and the Wong data demon-
strate good correlation with the exception of the first part of 1985. Both curves
have a peak in mid 1986, drop to low levels in 1987, and rise again in early 1988.
The ENSO cold event during the first half of 1985 explains the high values in
the model, but does not account for the low values in the observational data.
The ENSO warm event that starts in the last months of 1986 and continues

through 1987 produces the low CO, flux values found in both the model and in
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Figure 25: Comparison between model Qco, (solid line) and Qco, estimate from Wong et al.
[1993] (squares with dashed line the linear interpolation between values). Values from both

sources have been normalized for comparison. The model values are averaged over 170°W to
180°.

Wong’s data. In addition, both CO, flux estimates exhibit the recovery from
the warm phase in early 1988.

Dandonneau [1995] took measurements of pCO, from August 1991 to Octo-
ber 1992 in the eastern equatorial Pacific. During most of the observation period
there was an ENSO warm event which ended in July, 1992. A comparison of
pCO; produced from the basic model run of this study and the observational
data from Dandonneau also demonstrates good agreement over the entire time
period (figure 26). Both the pCO, from the model and the observational data
drop during the period of the ENSO warm event and begin to recover after the
event ends.

Inoue et al. [1996] examined the longitudinal distribution of pCO; for two
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Figure 26: Comparison between model pCO; (solid line) and pCO; estimate from Dendonneau
[1995] (squares with dashed line the linear interpolation between values). Values from both
sources have been normalized for comparison.

different periods, January-February 1994 and November-December 1994. Dur-
ing January-February 1994 pCO, was constant in the western Pacific (140°E-
170°E), gradually decreasing to the east. At 170°E pCO, rises steeply, leveling
off at 170°W some 100 pzatm higher than in the western Pacific. The profile pro-
duced by the model during this period is similar: flat in the west, rising sharply
in the central Pacific before leveling out, except that the sharp increase happens
at 160°E. In contrast to the pCO, profile during the January-February 1994 pe-
riod, the longitudinal distribution from both the data and the basic model run
differ markedly during the November-December 1994 period. The profile from
the observational data is flat from 150°E to 165°W, rising only slightly to the

east. The model profile is also flat during the November-December 1994 pe-
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riod, although not as flat as the observational data. The differences between
the observational data and the model results can partially be attributed to the
differences in the spatial and temporal distribution of the two data sets. While
the observational profiles are from a series of measurements along the equator
starting at the beginning of the specific period in the western Pacific and ending
in the central Pacific at the end of the period, the model profile is constructed

from the average over the time period at each point along the equator.

5.2 Oceanic proxy measurements

Since there is a dearth of observational oceanic carbon data to compare to
the model results, the model will validated using other variables with a longer,
more continuous time series. Because many researchers have noted a connection
between CO, flux and ENSO [e.g., Feely et al., 1987], a comparison between an
ENSO index and the model CO, flux is appropriate.

The JMA index is one of the methods used to define the onset and duration
of ENSO warm and cold events [Japan Meteorological Agency, 1991]. In the
results section of this study, the model was visually compared to these events as
defined by the JMA index. A cross correlation (not shown) between the JMA
index from 1965 to 1994 with the model CO, flux shows a maximum correlation
coefficient of R=-0.53 with a 6 month lag. This means that high values of the
JMA index precede the minimum CQO; flux from the ocean model by 6 months,
and low values lead CO; flux maxima by 6 months (figure 27). Thus, when
defined by the JMA index, ENSO warm events come before minimum model
CO; flux, and ENSO cold events come before maximum model CO, flux.

Meyers and O’Brien [1995] noted that defining ENSO by SST does not
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Figure 27: Time series of the JMA index (solid line) and model Qco, anomaly (dashed line).
Values from both sources have been normalized for comparison. ENSO warm events (as
defined by the JMA index) are shown by red bars, ENSO cold events are shown by blue bars.
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account for what causes an ENSO warm or cold event. Namely, a large down-
welling (upwelling) Kelvin wave that displaces the thermocline in the eastern
Pacific upwards (downwards). This displacement decreases ( increases) upwelling
to the upper layer leading to positive (negative) SST anomalies, and also anoma-
lously low (high) surface values of Cr. In view of this, Meyers and O’Brien have
defined a new ENSO index based on sea level change (a proxy for thermocline
displacement) at the Galapagos Islands.

Comparing the sea level data at the Galapagos Islands (long. 90°W) from
1965 to 1994 (also at Kapingamarangi from 1979 to 1994 and at Nauru from
1976 to 1994, longitudes 155°E and 167°E respectively) to CO, fux from the
model gives similar correlation coefficients to the JMA comparison, with smaller
lag times for the islands in the west (table 4; figure 28). The length of the sea
level time series is different for each island.

The positive maximum correlation coefficients and positive lags at Kapinga-
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Table 4: Summary of correlations between island sea level anomaly data and model carbon
flux anomaly data.

Island Name Longitude | Max. R | Lag (months)
Kapingamarangi 155°E 0.51 2
Nauru 167°E 0.45 1
Galapagos 90°W -0.46 7

marangi and Nauru (islands located in the west) show that sea level rise (ther-
mocline deepening) precedes maximum CO, flux by 1 to 2 months, and that
sea level drop (thermocline shallowing) predates minimum CO, flux by 1 to 2
months. While in the far east, the negative maximum correlation coefficient at
Galapagos indicates that sea level rise (thermocline deepening) occurs prior to
the minimum CO, flux by 7 months, and sea level drop (thermocline shallowing)
precedes maximum CO, flux by 7 months. As with the JMA ENSO index, deep-
ening thermocline at Galapagos (ENSO warm event) occurs prior to model CO,
flux minima while shallowing thermocline (ENSO cold event) precedes model
CO; flux maxima. The positive correlation coefficient for Kapingamarangi and
Nauru (i.e., the reverse of the correlation for Galapagos) is due to their location
in the western warm pool region where thermocline rises during an ENSO warm
event and drops during an ENSO cold event. This reverse can also be seen in
the pattern of ENSO warm and cold events (figure 28). ENSO warm event are
associated with a rise in sea level at Galapagos and a drop in sea level at Nauru

and Kapingamarangi; the reverse is true during an ENSO cold event.
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5.3 Atmospheric proxy measurements

Model Qco, Was also compared to the time series of atmospheric CO, concen-
tration at two locations. Following a method similar to Martin et al. [1994], the
first derivative of anomaly atmospheric CO, concentration is correlated with
model CO, flux anomaly (table 5; figure 29). The two atmospheric CO, time
series chosen were from Mauna Loa, Hawaii and from Barrow, Alaska [ Thoning
et al., 1994]. The anthropogenic trend was removed by a least-squares fit to the
estimated anthropogenic emission data [Marland et al., 1994], the annual and
semi-annual signal was removed by least squares fitting an annual and semi-
annual sinusoid, monthly anomalies were determined, and the first derivative

was taken.

Table 5: Summary of correlations between first derivative of atmospheric CO; anomaly con-
centrations and model carbon flux anomaly data.

Station Name | Max. R | Lag (months)
Mauna Loa, HI -0.49 -3
Barrow, AK -0.56 -5

The negative maximum correlation coefficient and negative lag at both
Mauna Loa and Barrow indicates that model ocean-to-atmosphere CO, flux
maxima precede decreasing atmospheric CO, anomalies by 3 months for Mauna
Loa and by 5 months for Barrow. The opposite is true for model CO; flux
minima. Unlike the results obtained when comparing the JMA index and sea
level data with model CO, flux, maximum model CO, flux (associated with

ENSO cold events) precedes atmospheric CO; growth minima, while minimum
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model CO, flux (associated with ENSO warm events) precedes atmospheric CO,
growth maxima. This apparent contradiction was also found by Martin et al.
[1994]. At first glance the pattern implies that anomalies in atmospheric CO, are
closely associated with ENSO, but are not directly linked to ocean-atmosphere
CO, flux from the equatorial Pacific Ocean.

The normalized time series of atmospheric CO, concentration at Mauna Loa
and Barrow and the model CO; flux are replotted using the onset and dura-
tion of ENSO warm and cold events as defined by Meyers and O’Brien [1995]
(figure 30). As previously discussed, Meyers and O'Brien hypothesize that the
physical changes associated with ENSO are linked more closely to thermocline
changes (and sea level changes) than to SST changes. At Galapagos these ther-
mocline changes (as measured by sea level changes) happen approximately 2
months prior to the associated SST changes. In the central Pacific, the location
of the greatest CO, flux and CO, flux variability as determined by the model,
thermocline changes would occur about 2 months earlier than at Galapagos.

At Mauna Loa (figure 30a), at or just before the onset of an ENSO warm
event (1976, 1982, 1986, and 1991) atmospheric CO, concentration drops and
then rises. During ENSO cold events, the growth of atmospheric CO, concen-
tration increases and then decreases. However, the pattern seen in ENSO cold
events is not as apparent as that in ENSO warm events, especially during 1985.
The pattern of ENSO associated changes of atmospheric CO, at Barrow (fig-
ure 30b) is similar to the pattern at Mauna Loa, especially for the larger events
(e.g., 1982 and 1987).

A likely scenario to explain the behavior of the interannual variability of
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atmospheric CO, concentration is as follows: preceding an ENSO warm event,
the thermocline drops in the central Pacific cutting off the supply of Ct to the
mixed layer. Trade winds also slow down and the CO, flux from this region
is greatly reduced leading to an initial decrease in the atmospheric CO;, con-
centration. Prior to the resumption of CO, flux from the equatorial Pacific
the concentration of atmospheric CO, begins to increase, indicating either a
decrease in extra-equatorial oceanic uptake of CO,, or an increase in terrestrial
CO, outgassing.

The process is reversed during an ENSO cold event. CO, flux from the
central equatorial Pacific increases, leading to an initial increase in atmospheric
CO; concentration. Later, increased CO, uptake by the oceans or land reduces

the atmospheric CO, concentration.
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Figure 28: Time series of sea level anomaly (solid line) and model Qco, anomaly (dashed
line). Values from both sources have been normalized for comparison. ENSO warm events (as
defined by sea level at Galapagos [Meyers and O'Brien, 1995]) are shown by red bars, ENSO
cold events are shown by blue bars. (a) Galapagos (90°19'W, 0°26'S). (b) Kapingamarangi
(154°47'E, 1°6'N). (c) Nauru (166°54'E, 0°32'S).
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Figure 30: Time series of the first derivative of atmospheric CO, concentration anomaly
(solid line) and model Qco, anomaly (dashed line). Values from both sources have been
normalized for comparison. ENSO warm events (as defined by sea ievel at Galapagos [Meyers
and O’Brien, 1995]) are shown by red bars, ENSO cold events are shown by blue bars. (a)
Mauna Loa, Hawaii. (b) Barrow, Alaska.
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6. Discussion

The equatorial Pacific Ocean is the single largest source of ocean-to-atmosphere
CO, flux. With an estimated annual flux of 1.1 Gt—C yr~!, and with numerous
studies connecting ENSO to large interannual variations in the CO, flux and
the resulting concentration of atmospheric CQ,, it is important to understand
the mechanisms behind the ocean-to-atmosphere CO; flux. The conclusions
from this work add to the existing knowledge concerning this phenomena. The
outcome of the various model experiments detailed in the results section describe
the essential physics of the equatorial Pacific mixed layer, and the contributions
of the various components, namely, upper layer physics, SST and winds.

The climatologies of anomaly Cr, pCO,, and Qco, (figures 7a-c) indicate
that the wind has the most obvious effect. The double high pattern in the wind
anomalies (figure 7d) appears as double lows in all the carbon related variables,
although the pattern may be shifted somewhat in space and time. Stronger
winds increase the CO, flux from the ocean to the atmosphere, reducing the Cr
in the region and leading to lower pCO,.

Upwelling (figure 7h) increases the concentration of Ct in the mixed layer.
This can be best observed in the high Cr region centered at 180° in the last half
of the climatological year following the large upwelling in this region in October.
It can also be seen in the low Cr region in the first half of the year centered
at 140°W when there is no upwelling. Remnants of these two features (low Cp
in the eastern Pacific in the first half of the climatological year and high Cy in
the central Pacific in the last half of the year) can also be observed in pCO,.

The climatology of Qco, does not retain the high values of Ct and pCO; in the
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second half of the year, however, the decreased upwelling in the central Pacific
in the first half of the year causes a depletion of Ct (and pCO,) in the surface
water greatly reducing the CO, flux, despite the strong winds.

SST (figure 7e) has a negligible influence on the climatology of the carbon
variables outside of a couple of narrow spatial regions. Even in those regions
the effects of SST are small. In the eastern half of the warm pool, a region of
the warm pool where there is enough upwelling to refresh the Ct in the surface
layer, the high SSTs may help maintain higher pCO, values. In addition, in
the later part of the climatological year, the cold SSTs in the east reduce the
pCO; enough so that the double lows in pCO; are of about equal magnitude.
This is in contrast to the corresponding double low pattern in Ct, where the
low Cr in the later part of the year is clearly smaller than the low Cr in the
first part of the year. It should also be noted, however, that SST also has some
indirect effects (e.g., influencing equatorial winds) that are not accounted for in
this study.

Zonal velocity (figure 7f) has a subtle influence on carbon physics. Between
100°W and 80°W there is a constant anomalous eastward zonal velocity (except
for the period June to August) which helps maintain high Cr values in the strong
coastal upwelling zone. In addition, in the western half of the Pacific there is
a pattern of westward then eastward then westward zonal velocity anomalies
which appears to influence the high Cr region there.

Meridional velocity (figure 7g) has no apparent effect outside the far western
Pacific. The zonally constrained highs in the west are, for the most part, arti-

facts of islands in the hydrodynamic model caused by setting the biogeochemical
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boundaries at +3°.

The zonal anomaly profiles from the thirty year integration (figures 10a, 11a,
and 12a) indicate that the interannual variability occurs mainly in the central
Pacific Ocean. Cr, pCO, and Qco, are high in the easternmost region of the
Pacific, but this region is small compared to the width of the entire basin. The
western warm pool shows variability in Cp and pCO, which is equal to the
variability in the central Pacific, but the mean anomalies are much smaller in
the western Pacific than in the central Pacific and the Qc¢o, is both smaller and
less variable in the western Pacific than in the central Pacific.

Results of the thirty year run of the biogeochemical model show a strong link
between the model CO, flux and ENSO. Cr decreases during an ENSO warm
event, and increases during an ENSO cold event (figure 10). The same behavior
is seen in pCO, (figure 11), i.e., pCO, decreases during an ENSO warm event,
and increases during an ENSO cold event. However, the correlation between
pCO; and ENSO is not as high as it is with Cr, and in some of the events the
average pCO; does not follow this pattern. Qco, follows the ENSO cycle more
closely than does pCO, but not as closely as Cr. In addition, during some of
the longer ENSO events anomalously high or low Qco, begins to return towards
normal before the end of the event.

The input forcing fields explain the patterns in the thirty year run (figures 8
—9). The anomalously low Ct in the western Pacific warm pool is the result of
the small upwelling in this region. Without the upwelling, Cr is not replenished
in the surface waters. For the same reason pCO; in this region is small even

though SSTs are higher. CO, flux is also low in this region, both because of
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low pCO, and because of anomalously low wind speeds. The eastern pacific has
high values of Cr, pCO,, and Qco, for the same reasons as described in the
results section for the climatologies, i.e., strong coastal upwelling and a small
but steady eastward current.

Cr in the central Pacific is high in the western half as compared to the
eastern half. This pattern is the result of the zonal velocities. The whole region
has reasonable upwelling, but zonal velocity is anomalously high (velocity is
positive eastward) from 145°E to 170°E, anomalously low from 170°E to 150°W
and anomalously high again from 150°W to 100°W. This causes enhanced Cr
concentration from 160°E to 160°W and depleted Ct concentration from 160°W
to 110°W.

The profile for pCO; is similar to that for Ct except that there is an enhanced
difference in the central Pacific between the west and the east. This difference
is due to higher SST in the west. The pattern of anomalously high pCO, in the
west and anomalously low pCO; in the east is spread out towards the boundaries
for the same reason.

The profile of Qco, is significantly different from those of Cr and pCOs,,
due to the influence of the winds on Qco,. The anomalously low winds in the
western warm pool magnify the effects of the low pCO, in this region resulting
in negligible CO, flux. However, because higher wind speeds over the eastern
half of the central Pacific compensate for the low pCO, values in that region,
there is a large amount of CO; flux between 170°E to 110°W.

Based upon the above observations, a picture of the processes behind the

interannual variability can be constructed. During an ENSO warm event the
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upwelling decreases, depleting the Ct in the surface waters. This causes a
reduction in pCO,, which is somewhat mitigated by the higher SSTs during a
warm event. Wind speeds also become anomalously low during a warm event
causing significantly reduced CO, flux. CO, flux may increase before the end
of the warm event if the wind speeds return to normal as they do during some
of the longer events.

The reverse happens during an ENSO cold event. Increased upwelling leads
to higher Ct concentrations in the surface waters and therefore higher values of
pCO; (with the colder SSTs making the change in pCO; less intense). Equato-
rial trade winds become stronger and CO, flux becomes anomalously high. As
during an ENSO warm event, the trade winds may return to normal before the
cold event ends causing a decrease in CO,; flux.

The results of the model run comparisons make evident the relative impor-
tance of the various components (upper layer physics, SST, and winds) to the
variability of the model produced CO, flux. SST has the smallest effect on
the interannual variability in the CO, flux (figures 16 —18). Forcing the model
with climatological SSTs causes a maximum change of 5% in the CO, flux pro-
duced from the basic model run. SSTs in the climatological SST run are colder
(warmer) during an ENSO warm event (cold event), this causes the pCO,, and
therefore the Qco,, to be smaller (larger) compared to the basic model run.

Upper layer physics has an important influence on the interannual variability
of CO, flux. The box model results (figures 13 - 15) confirm that the physics
must be properly resolved to accurately model the CO, flux variability. The

box model underestimated CO, flux by an average of 6%. Moreover, even if
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this offset is accounted for, the box model differs from the basic model run by
+10% from this offset.

Cr in the climatological physics run (figure 22) shows none of the interannual
variability observed in the basic model run, and there is a large mean difference
in both pCO; and Qco, (figures 23 —24). The strong influence of the winds on
the CO, flux is apparent in the time series of Qco,. The interannual variability
that is not present in the time series of Cr, is plainly visible in the time series
of Qco,-

The great influence of the winds can also be observed in the climatological
wind run (figures 19 —21). While the winds appear to have little effect on Cy
and pCO2, Qco, appears to be highly affected by the winds as evidenced by
the difference between the climatological wind run and the basic model run.
While there is no mean offset as is the case with the box model run and the
climatological physics run, the range of the relative difference in Qco, is large.

The biogeochemical model is in good agreement with what little observa-
tional evidence exists. The time series of model and observational Ct, pCO,,
and Qco, show the same general pattern during ENSO warm and cold events
and the neutral years between them. This supports the hypothesis that CO,
flux from the equatorial Pacific is decreased during an ENSO warm event, and
enhanced during an ENSO cold event.

The connection between the variability of the CO; flux and ENSO is also
validated by the correlation of the proxy ocean variables of SST (JMA index)
and sea surface height (island sea level records). The increased SST and upper

layer thickness associated with an ENSO warm event causes decreased CO, flux,
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while the decreased SST and upper layer thickness associated with an ENSO
cold event causes increased CO, flux.

The inverse relation between the interannual anomaly of atmospheric CO,
concentration at Mauna Loa and Barrow, and the model CO, flux anomaly ap-
pears to be contradictory. Martin et al. [1994] also found an inverse relationship
between ENSO (as determined by SSTs off the coast of Peru) and the growth
of atmospheric anomalies at several locations. They suggest that this difference
is probably due to changes in the biosphere associated with ENSO, in addition
to some unspecified changes in atmospheric and oceanic circulations.

When the interannual variability of atmospheric CO, is examined with the
onset and duration of ENSO events based on sea level, a different pattern
emerges. ENSO warm events are still associated with increased atmospheric
CO, concentration and ENSO cold events with decreased atmospheric CO,
concentration. However, atmospheric CO, concentration first drops at or just
before the onset of an ENSO warm event, and rises at or just before the onset of
an ENSO cold event. This initial change is likely due to changes in the CO, flux
from the central equatorial Pacific, where the changes associated with ENSO
happen several months prior to the official beginning of an ENSO event.

The later reversal (increased atmospheric CO, concentration during an
ENSO warm event, decreased atmospheric CO; concentration during an ENSO
cold event) are probably due to changes in extra-equatorial oceanic or terres-
trial CO, flux. A general increase in atmospheric CO, concentration during an
ENSO warm event (a time when the CO, flux from the equatorial Pacific is

greatly reduced) must be caused either by increased terrestrial input (possibly
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because of a large reduction in flora) or decreased uptake in the oceanic carbon
sink regions. Because this study is limited to the equatorial Pacific, a determi-
nation of whether there is a large decrease in oceanic uptake during an ENSO
warm event is beyond its scope.

The theory of increased terrestrial input is problematic because ENSO warm
events are not simply associated with decreased precipitation but also with
increased precipitation. For example, a study of ENSO effects on temperature
and precipitation in the United States [Sittel, 1994] shows that in many areas
of the United States increased precipitation is associated with an ENSO warm
event.

The results of this research confirm that an accurate representation of the
physics, as well as the incorporation of the relevant spatial scales, is required to
accurately model the carbon cycle in the surface waters of the equatorial Pacific
- the major oceanic source of atmospheric CO,. Because interannual variations
in the CO, flux are closely associated with ENSO, realistic simulations are
required.

This model is limited in answering the larger question of interannual varia-
tions in atmospheric CO, concentration. Future work should include modeling a
larger portion of the Pacific Basin. This will introduce many new considerations.
For example, even though the model used in this study incorporates biological
effects, the effects were minimal compared to the other processes driving the
CO, flux. However, outside of the upwelling rich, constant outgassing equato-
rial Pacific, biological considerations increase in their importance in determining

the uptake of CO, into the oceans.
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Appendix A. Derivation of Biogeochemical model

Some notational definitions and assumptions used in this chapter:

C = upper layer Ct concentration
Cqs=C_.g = upwelled Cr concentration
u = (u,v); upper layer velocity vector
w = vertical velocity (positive upward)
wg = w-g = vertical velocity at mixed layer interface
S = Cr sources and sinks

H = upper layer thickness

L = latitudinal width of model domain

d(u,C, S, H)
bt St Bt ok eV A
0z

OH OH 0H _ |
ot’ o' 8y

0Cy

By -

wo = 0; no w at sea surface

The tracer conservation equation is:

oc oCw
E’*’V'Cll'i-—a—z——s. (Al)

The sources and sinks in this model include chemical transformation, CO,
flux to the atmosphere, and biological uptake. The domain of the biogeochem-
ical model is from 3°S to 3°N, and from the bottom of a mixed layer (assumed

to be constant) to the sea surface (figure 31).
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Figure 31: Domain of biogeochemical model.

Integrate equation Al vertically from —H to 0:

/L%fdz+/ v. cudz+/ acwdz=/_oHSdz

0
=HS

8 ro 0
5/_HCciz-i-V-/_HCudz+Cw—ﬁr

0

QIa{—tg+V HCu+Cuw

9—%9+V HCu+Cqwg=HS

=HS
-H

(A2)

(A3)

(A4)

(A5)

Reynolds average (spatial) equation A5 from a fixed southern boundary to

a fixed northern boundary, where

— 1 (N
=1 . O,
N 8HC
5 dy+/ v. HCudy+/ Cqwqdy = / HSdy
N 9HC N 9HCu N 9HCu
o W / azdy+/ oy

+ /s Y Cowady = /s Y Bsdy
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(N o N N
= /S HCdy + - /3 HCudy + HCu

S
+ Lded = LE? (AS)

0HC _OHCu N

L 5 +L e +HCvs+Lded=LHS (A9)

Since Cy and H are independent of y (thus C; = C; and H = H), equa-

tion A9 can be rewritten

N
+ LCywy = LHS, (A10)
S

8HC OHCu
L T +L e + HCv

and since H is also independent of ¢ and z, divide through by H and L and
rearrange equation A10

Qg—- + BC"& + BW C'du‘zd Cv
ot Oz oz H L

(A11)

Applying the eddy diffusivity assumption to C'u' in equation All gives

o¢  oCz 98 .. .9C Caia _ Cv
ot oz oz g H L

N

(A12)

s
Making the final assumption that K is independent of z gives the final form

of the model

aC oCxu 2C . Cpmg Cu
w5t tEaz=5-"% AR (A13)

The biological uptake is modeled assuming carbon uptake in the Redfield

ratio in a nitrate limited environment. There is evidence that the equatorial Pa-
cific Ocean is iron limited [Falkowski, 1995; Falkowski and Kolber, 1995; Lindley
et al., 1995; Takeda and Obata, 1995], and thus any biological model based on
nitrate limitation would be incorrect.

'Other researchers have found a strong correlation between upwelling vol-

ume and primary productivity Coale et al. [1996); Murray et al. [1995], and in
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particular a significant decrease in productivity during an ENSO warm event,
a period of greatly reduced upwelling [Landry et al., 1995]. If the equatorial
Pacific is iron limited than it is likely that the majority of the iron is upwelled
and not the result of atmospheric deposition. Assuming that upwelled iron and
nitrate remain at a constant concentration, then the nitrate limited model still
applies. This is because any new nitrate that is upwelled along with new iron

will be taken up by biological production.
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Appendix B. Computation of pCO, in seawater

The calculation of pCO; is based on Broecker and Takahashi [1978]

_ 2Cr—[A]
pCO: = %oz TRI [2) (B1)
(A] = [TA] - %:’:% (B2)
[A] (ar)?, ([A] an | K, ([A] -
L o e A

where pCO, is the partial pressure of CO,; Cr is the concentration of total
carbon; [A] is the carbonate alkalinity; K, is the solubility of CO, in seawater
at standard pressure; K; and K, are the first and second apparent dissociation
constants of carbonic acid in seawater; ag is the hydrogen ion activity; [TA] is
the total alkalinity; Kp is the apparent dissociation constant of boric acid in
seawater; and [B] is the concentration of borate.

Ko, Ki, K>, and Kg are empirically determined functions of temperature
(K) and salinity (°/s), except Kp which is a function of temperature (°C) and
Chlorinity (%)

T T

In(K;) = —60.2409+ 93.4517 (Eﬁ) +23.35851n (ﬁ) +
5 0.023517 — 0.023656 (1) +0.0047036 (1-)2 (B4)

' ‘ 100/t 100
(BS)

812.27 \

pKi = = +3.356 — 0.0017LS1n(T) +0.0000915 (B6)
pKy = 14519’87 + 4.604 — 0.003855 In(T) + 0.0001825° (B7)
pKs = 9.26 — 0.016Cl — 0.010T - (BS)
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where
S

Cl= T5o655°

The equation for K is from Weiss [1974], equations K; and K, are from Goyet
and Poisson [1989], and Kpg is from Li et ol [1969]. Borate concentration is

proportional to salinity [Culkin, 1965}, and is calculated by
S
=4. 1074 —.
[B] = 4106 x 107 =

Hydrogen activity, ag, is related to pH as follows [Culberson and Pytkowicz,
1973]
—
[H ] - fH

pH = —log [H*]

where fy is the total activity coefficient for hydrogen, and [H*] is the hydrogen
ion concentration.

The variations in salinity and titration alkalinity are assumed to be small,
and representative values for the equatorial Pacific are chosen. From the
Leetmaa Pacific Ocean Analysis Data [Ji et al, 1995, WWW document
http://www.cdc.noaa.gov/cdc/data.leetmaa.html] the mean value for surface
salinity is 34.551%.. The alkalinity value of 2320 ueq kg~! is from the Geo-
chemical Ocean Sections Study (GEOSECS) data set [Broecker et al., 1982].

Using equations B1 —B3, pCO, can be calculated for a particular Ct and

temperature (figure 32).
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Figure 32: Partial pressure of CO; as a function of total carbon (Ct) and temperature (T).
Calculated from equations B1- B3. Salinity, S, and titration alkalinity, [TA], are assumed
constant (34.551%,, 2320 ueq kg™1!).
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