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Extended Abstract for Science Board CCCC/BASS Symposium 10:30-11:00
24th October. 1997. (PICES 6)

Ecosystem Dynamics in the Eastern and Western Gyres
of the Subarctic Pacific - Lower Trophic Modelling -

Michio J. Kishi+ and Bruce Frost++

+ Hokkaido University ++ University of Washington

Our obligation is to review numerical models in subarctic Pacific focused
on the lower trophic model. We divide papers roughly into two types. One is
diagnostic model and the other is deterministic model. Glover et al.(1994),
Obata et al.(1996), Behrenfeld and Falkowski(1997) and Longhurst (1995)
belong to the former and Kawamiya et al.(1995,1997), Evans and Garcon
(1997), Yoshimori et al.(1995), Fasham et al.(1990) and Kawamiya(1997)
belong to the latter.

Glover et al.(1994) and Obata(1996) are fundamentally based on the same
idea. At first they define the mixed layer depth from Levitus data. In Glover
et al.(1994) they used N-P-Z model to get steady state solution in a mixed
layer which is a function of total nitrogen derived from winter time mixed
layer depth. There cannot be found the clear difference between the east and
the west in Norther Pacific (NP) phytoplankton distribution in their model.

In Obata et al.(1996) they used satellite data to get light condition. They
pointed out the difference between the east and the west of NP is the timing
of the month when MLD becomes shallower than critical depth, that is, it is
a good condition to spring bloom. :

Behrenfeld and Falkowski(1997)'s model is mainly based on satellite data.
Their results of primary production map show the same order between the
- east and the west in NP although rather high values appears mainly at the
east side.

Longhurst (1995) divided all oceans into many provinces based on mainly
physical structure adding the knowledge of CZCS data. According his
calcification, NP is divided into two parts, i.e., the east and the west.

Next we want to review the deterministic model. One dimensional models



have been developed by many researchers and adapted in many ocean points.
If we focus on NP region, Kawamiya et al.(1995,1997), Evans and Garcon
(1997), Yoshimori et al.(1995) made a one dimensional models. Kawamiya et
al.(1995,1997) used their KKWS model and pointed out the HNLC in station
Papa is explained by high grazing pressure. Yoshimori et al.(1995) used
Frank's NPZD model to explain the spring bloom at Sanriku region (Eastern
NP) and concluded the shallow surface mixed layer caused early days of
spring bloom at the station near Hokkaido. ‘

Three dimensional model containing the seasonal variation of
phytoplankton were developed by Fasham et al.(1990) and Kawamiya(1997).
‘Especially, Kawamiya(1997) focused on the regional characteristics of
seasonal variation of phytoplankton in NP region. Based on the numerical
experiment he divided the NP into seven domain. The difference of
phytoplankton seasonal variation between the east and the west of NP is
caused by the depth of mixed layer. i.e., whether strong spring bloom exist
or not depend on whether strong deepening of mixed layer in March occurs or
not. '
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Possible differences in structure at lover trophic levels of

ecosystems in the eastern and western subarctic Pacific
(Abstract)

Akira Téniguchi |
Laboratory of Aquatic Ecology, School of Agriculture, Tohoku University,
Sendai 981, Japan

It has been commonly said that net-zooplankton such as copepods,
euphausiids, amphipods, pteropods, tunicates and hydromedusae are main
herbivores which control productivity of phytoplankton from the top and
also control productivity of pelagic fish populations from the bottom over
the subarctic Pacific. However, an apparent prodominance of
microzooplantkon as major grazers is recently reported from the eastern part
of the subarctic Pacific, or in the Gulf of Alaska, where standing stock of
net-zooplantkton is paticularly small, while that of macronutrients is
relatively large. This makes a striking contrast to the situation in the western
part or in the Oyashio region, where standing stock of net-zooplankton is
fairly large but nutrient stocks are very small. In the latter region, ratio of
microzooplankton to net-zooplankton in biomass is not very high, around 5-
15% and iron precipitation from the air is said to enhance the phytoplankton
growth.

The Bering Sea north of Aleutian Chain and the sea area south of the
chain are likely to make an another contrasting pair. In the southern area,
rich nutrient stock seems to be left unused by relatively smaller biomass of
net-zooplankton as well as of phytoplankton. This situation is essentially the
same with that seen in the Gulf of Alaska. On the other hand, the Eering
Sea reveals the nature of the most productive sea areas, as seen in the
Oyashio region. Namely, biomasses of both zooplanktor. and phytoplakton
are large and relative biomass of microzooplankton is not high. However,
there can be scen the essential difference between the Bering Sea and the
Oyashio region: while nutrient stock is very large in the Bering Sea (largest
among the subarctic Pacific), it 1s very low (lowest among the subarctic
Pacific) in the Oyashio region. Then, the following two points can be

10—



indicated by this fact, i.e., (1 ) transfer efficiency from nutrients through net-
zooplankton is highest in the Oyashio region, and (2) carrying capacity of
the rest sea areas, particularly of the Bering Sea, can be expanded to large
extent in future. To explore this high potential productivity of the ocean by
artificial ways, we must carefully identify so-called key factor or mechanism
that controls phytoplankton productivity in individual sea areas of the

subarctic Pacific.
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Time scale of tracer diffusion in the North Pacific intermediate layer’

M.Endoh, G.Yamanaka and Y.Kitamura

Meteorological Research Institute
Nagamine 1-1, Tsukuba, 305 Japan

e-mail: endoh@mri-jma.go.jp
fax: +81-298-35-1439

1. Introduction

The North Pacific intermediate layer is characterized by North Pacific Intermediate Water
(NPIW), which is a water mass known for its well-defined salinity minimum at around 26.8 og. Fresh

NPIW has been considered to come from the subarctic surface layer, the freshest area in the North
Pacific. In other words, the North Pacific intermediate layer is connected to the subarctic surface. The
sea surface temperature in the subarctic North Pacific has been noted to correlate clearly with climate
change over a decade-scale timescale, by the analysis of both observed data [Tanimoto et al., 1994] and
coupled model data [Yukimoto et al., 1996]. The subarctic gyre is also regarded as a possible sink for
green-house gases such as CO2 [Tsunogai et al., 1993] and chlorofluorocarbons (CFCs) [Warner et al.,
1996]. These results suggest that the North Pacific intermediate layer is associated with climate through
the subarctic surface. To understand how the North Pacific climate change affects the ocean interior, it
is necessary to clarify how subarctic waters spread into this intermediate layer and to examine its
relevant timescale. '

CFCs and idealized passive tracers are often used to analyze ocean circulation obtained in the
OGCM. Dissolved CFCs are useful for the validation of ocean model processes. England [1994]
studied the sensitivity of the simulated CFC distributions to the model parameterization of air-sea CFC
fluxes. Robitaille and Weaver [1995] and England [1995a] examined different formulations of
subgrid-scale mixing, comparing the simulated CFC distributions to observations. '

Idealized passive tracers are also useful for visualization of path of water spreading. For
example, Cox [1985] used a passive tracer with radioactive decay with half-life of 12.3 years (tritium) to
make a distinction between ventilated and unventilated regions in the OGCM. Idealized passive tracers
are also used to estimate ventilation timescale of water spreading. As an example, England [1995b]
employed “age tracer”, where age is defined as time taken for water at the sea surface to arrive at the -
ocean interior in complete diffusion and advection balance.

Firstly we present flow and density fields obtained in the OGCM and paths of NPIW spreading
(Yamanaka et al. [1997a] ). Then, the paths are revealed by tracer experiments using tritium-type
tracers with radioactive decay. Then, we estimate timescale of NPIW spreading’ using conservative
tracer having a distinct temporal peak of source (Yamanaka et al. [1997b] ).

2. NPIW. and Intermediate Layer Circulati>a in the OGCM
a. Ocean circulation model

" The present paper is based on Yamanaka et al.[1997b].



The OGCM we used has a North Pacific domain from 10°N to 60°N, and 120°E to 110°W,
with realistic bottom topography and continental boundary. The grid spacing is 2° longitude by 1°
latitude with 28 vertical levels. The effect of mesoscale eddies is taken into account implicitly by
subgrid-scale mixing schemes [Gent and McWilliams, 1990]. Isopycnal, diapycnal, and isopycnal
thickness diffusivity coefficients are treated as constant at 5 x 103 m2/s, 5 x 10~ m2/s, and 5 x 103
m?2/s. The model is forced at the sea surface by the annual mean climatological wind stress [Hellerman
and Rosenstein, 1983] and perpetually by winter climatology of temperature and salinity [Levitus,
1982]. Surface temperature and salinity are imposed by the Newtonian restoring term with a constant of
(10 days)"l. At the southern boundary along 10°N and the deeper levels below 2000 m, temperature and

salinity are restored toward Levitus climatology with a constant of (15 days)™! and (360 days)! to
represent water masses of South Pacific origin. In the Okhotsk and Bering Seas, temperature and salinity
are restored to the climatological value with a constant of (15 .days)‘l to represent high density water
mass formation. The model was integrated to equilibrium.

b. Simulated NPIW and intermediate layer circulation

Results of NPIW simulation are presented in Figures | and 2. Figure la shows simulated
salinity distribution along 180°E with the observed [Levitus, 1982] salinity distribution for reference
(Figure 1b). Figure 2 shows simulated salinity and velocity distributions at 26.8 cg.

Simulated salinity along 180°E (Figure la) demonstrates a low salinity tongue (33.9-34.3 psu)
which extends southward at intermediate depths. This salinity minimum is located at around 26.8 og.
Simulated salinity at 26.8 og (Figure 2a) shows the low salinity water (33.5-34.4 psu) throughout the
North Pacific north of 15°N and the lowest salinity in the Okhotsk Sea. [sopycnal mixing was found to
be important in the low salinity water spreading, and NPIW representation depends on isopycnal
diffusivity.

We also found that the modeled NPIW has two fresh water sources wnh sensitivity experiments.
For the upper intermediate layer (26.4-26.7 o), the source is in the northwestern subarctic surface,
where precipitation maintains low salinity [Oberhuber, 1988]. For the lower intermediate layer (26.8-
27.4 og), the source is in the subsurface Okhotsk Sea, where high density water mass formation occurs
due to brine rejection through sea-ice formation and due to vertical mixing near the Kurile Islands
[Kitani, 1973; Talley, 1991).

The general pattern of the intermediate layer circulation is clockwise in mid latitudes (Figure 2b).
The boundary current leaves the west coast east of Japan and flows eastward, corresponding to the
Kuroshio Extension in upper layer circulation. A major portion of the eastward flow turns southward in
the eastern North Pacific at 160°W-140°W.

We used these flow and | density fields to calculate passwe tracer advection and diffusion in the
following experiments.

3. Tracer experiments for origins of fresh water in NPITW

We introduce an idealized passive tracer having a uniform or localized source function, and
examine fresh water spreading from the two source res ions of the modeled NPIW.

To obtain a steady state, a tracer has a sink term due to radioactive collapse such as tritium.
Tracers are governed by the following advective-diffusive equation;

T o VTr=—ATr+V(KVT) W

7\. is a constant (50 y&rs)‘ cormpondmg to the radioactive collapse rate. Isopycnal diapycnal and

isopycnal thickness diffusivity coefficients are treated as 3 x 103 m%/s, 5 x 1073 m2/s, and 5 x 103 m%s,
the same values as used in the OGCM.



We found that the modeled NPIW has two fresh water sources: the northwestemn subarctic
surface and the subsurface Okhotsk Sea (Yamanaka et al. [1997a] ). Therefore, we set up two
corresponding experiments, cases A and B. In case A, surface tracer concentration is restored to a

value of Tr=1 with a constant of (10 days)‘ in the subarctic gyre where the surface density is greater
than 26.0 09. In case B, the tracer concentration is restored to a value of Tr=1 with a constant of (10

days)"! from the surface to the bottom in the Okhotsk Sea. Eq. (1) is integrated until the steady state
from an initial condition is Tr=0 everywhere.

In case A, the tracer concentration decreases with density in the intermediate laver (Figure 3). At
26.4 og (Figure 3a), the highest tracer concentration is found in the northwest subarctic gyre where this
density surface outcrops, and spreads south clockwise. At 26.8 and 27.2 og (Figures 3b and 3c), tracer
concentrations are extremely low because the Okhotsk Sea outflow is not included. Tracer concentration
. at 30°N (Figure 3d) shows a core of highly concentrated tracers in the subsurface layer between 170°W
and 150°W where the subsurface CFC maximum is observed. An intensified southward flow is also seen
(Figure 2b), indicating that the high concentrated tracers are transported primarily by this southward
advection in the upper intermediate layer.

In case B, tracers in the intermediate layer originate from the Okhotsk Sea (Figure 4). At 26.4
op (Figure 4a), tracers spread clockwise as in case A. In deeper surfaces (26.8 o9 and 27.2 og), the
high tracer concentration in the Okhotsk Sea spreads southeastward (Figures 4b and 4c). Tracer
concentrations at 30°N (Figure 4d) show that two tracer cores appear in the easten part (170°W-
150°W) of the upper layer (26.2-26.6 og) and in the western part (150°E-170°E) of the lower layer
(26.8-27.4 og). The eastern tracer core corresponds to the high concentration in case A, which
originates from the sea surface in the Okhotsk Sea, and spreads south clockwise as in case A. The highly
concentrated western tracer core originates from the Okhotsk Sea subsurface, and spreads
southeastward. The maximum density surface where the western core is located (roughly '27.6 og) is
presumably determined by the depth of the outflowing strait between the Okhotsk Sea and North Pacific.

These results indicate two pathways for tracers originating from fresh water sources of the
modeled NPIW entering the subtropical gyre. For the upper intermediate layer (26.4-26.7 og), tracers

spread clockwise from the outcropping area. For the lower intermediate layer (26.8-27.4 op), tracers
spread southeastward from the Okhotsk Sea.

4. Time scale of NPIW spreading

The ratio of CFC-11 and CFC-12 concentration in the atmosphere increases monotonically with
time before the mid 1970s. Since this ratio in sea water is conserved while CFC-bearing water is mixed
with CFC-free water, the ratio assumes one obtained at the sea surface (the CFC-ratio apparent age).
Warner et al. [1996] discussed timescale of NPIW spreading, using the CFC ratio apparent age
calculated from observed CFCs distributions. The CFC-ratio apparent age does not, however, apply to
recently ventilated water because the CFC-11/CFC-12 ratio in the atmosphere since 1975 has remained
almost constant.

In this section, alternatively, we introduce two dye tracers whose ratio in the atmosphere
increases linearly with time. This idealization of time dependency of source makes estimate of the
apparent age valid uniform in time. The tracer-ratio apparent age is not, however, conserved when
tracer-bearing surrounding waters are mixed. We propose more appropriate estimate of NPIW
spreading timescale, using dye tracer with a distinct temporal peak. Finally, we examine water
spreading sensitivity to source timescales.

a. Apparent age derived from passive tracer ratio

Assume two dye tracers whose concentration (Ti, i=1, 2) obeys an advective-diffusive equation
with no source and no sink term in the ocean interior, i.€.,
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Assumed source functions of these tracers increase with time, e.g., T]=a*t and To=b*t2 (Figure
9a), where a and b are constants independent of tithe. Thus, the ratio of the two source tracers,
T2/T1=(b/a}t, is a linear function of time (Figure 9b).

We also assume the subarctic sea surface (69>26.0) is a source region and specify the source

function there. In the Okhotsk Sea, large vertical diffusivity (AHV=8 x 10 mZ/s) is used to represent
high density water mass formation. Isopycnal, diapycnal, and xsopycnal tlnckn&ss diffusivity coefficients
are the same as the OGCM. Eq. (2) is integrated for 100 years.

The tracer-ratio apparent ages are calculated from the ratio of the two tracer concentrations
after 50 years of integration, and presented on the three isopycnal surfaces (26.4, 26.8, and 27.2 og)
(Figure 5). With this tracer, it is possible to determine age for recently ventilated waters, for example, in
the northwestern Pacific where the CFC ratios are near the modem (post-1975) ratio. At 26.4 og, the
tracer-ratio apparent age counted from the outcrop to the southern subtropical gyre is 10-12 years. At
26.8 op, the age is about 4 years outside the Okhotsk Sea and 12-16 years at the southern subtropical

gyre. The region of small ages extends southeastward from the Okhotsk Sea to the south, as suggested
by the spreading path at this density. At 27.2 o9, the age is about 8 years outside the Okhotsk Sea and
18-24 years at the southern subtropical gyre.

The tracer-ratio apparent age we introduced above is not conserved, however, when tracer-
bearing waters are mixed. Figure 1l shows ratio apparent ages averaged over the three isopycnal
surfaces (26.4, 26.8, and 27.2 og) as a function of the penod from the initial state; ratio apparent ages

increase with elapsed time. Due to surrounding tracer-bwnng water from different sources, estimated
ratio apparent age becomes older asthe integration period increases. This indicates that the. tracer-ratio
apparent age is not an appropriate measure of age of water.

b. Tracer with a distinct peak

We propose an alternative method to estimate a timescale of water spreading. We suppose
passive tracers with a temporally varving source. When the source function peaks at a particular
moment, it is reasonable to assume that the time required for the peak to appear as a maximum of the
tracer concentration in the ocean may be an appropriate response time of water spreading. This
timescale is called "peak-to-peak age”.

The time sequence of source function of tracer considered is given in Figure 6. The source
concentration increases linearly with time for the first 5 years; then decreases linearly with time for the
next 5 years, becoming zero by year 10. The source function has a 10-year timescale. The peak-to-peak
age is defined as a time -lag between the observed and source peaks. The source function is given at the

subarctic surface (69>26.0). In the Okhotsk Sea, large vertical diffusivity (AHV=38 x 104 m2/s) is used
to represent high density water mass formation.

The peak-to-peak age at the three isopycnal surfaces derived after 50 years of i mtegratxon are
presented in Figure 7. At 26.4 og (Figure 7a), the peak of tracer concentration starts from the -
outcropping area in the subarctic gyre, and extends southeastward. The timescale required for tracers to
expand throughout the basin is estimated at about 6 years. At 26.8 o (Figure 7b), the peak starts from
the Okhotsk Sea and extends southeastward with an 8-vear timescale. At 27.2 og (Figure 7c), a general
pattern is similar to that at 26.8 og for a 15-year timescale. Peak-to-peak age thus increases with density
(Figure 7), reflecting the difference in spreading mechanisms between the upper intermediate layer
(advection) and the lower intermediate layer (diffusion).

The peak-to-peak age has an apparent gap between the subtropical gyre west of 150°E and east
of 150°E. The northeastward western boundary current is considered to cause such age distribution.
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West of 150°E, southward water spreading is hindered by the transport of the northeastward western
boundary current (Figure 2b), delaying the peak time in the western subtropical gyre.

¢. Sensitivity of water spreading to source’s timescale

Salinity at 26.8 ag is known to indicate decadal year-to- year variations [Qiu and Joyce, 1992],
but has no significant seasonal variation [Masuzawa, 1950] along 137E. The temporal evolution of
NPIW spreading may depend on the timescale of the source function. We examine the sensitivity of
water spreading at 26.8 a9 to different timescales of the source function. Source functions with two
different timescales (1 year and 20 years) are assumed in addition to the source function with a tlmescale
of 10 years.

Figure 8 shows distributions of peak amplitude of the tracer at 26.8 og (the salinity minimum
layer) in response to the temporally varying source with three different timescales (little change was seen
in the peak-to-peak age between cases). The amplitude is normalized by a source peak. When the source
timescale is 1 year (Figure 8a), the amplitude of the peak in the open North Pacific is less than 0.1. The
peak amplitude greater than 0.1, is restricted to near the Okhotsk Sea. When the source timescale is 10
years (Figure 8b), the amplitude is 0.1-0.3 in the open North Pacific. When the source timescale is 20
years (Figure 8c), the amplitude further increases as much as 0.1-0.4. Such results indicate that, as the
source timescale increases, the peak amplitude increases, i.e., the source signal with a longer timescale
can be transmitted further into the intermediate layer. This is e*cplamed as follows ; in the lower
intermediate layer (26.8 og), waters are carried mainly by isopycnal diffusion. A lower frequency signal
has time to reach the ocean interior before being diffused. Thus, diffusion allows the intermediate layer
to operate as a low-pass time filter. The source signal whose timescale is 1 year appears only negligibly
at 26.8 og (Figure 8a), coinciding with the observation that the salinity at 26.8-09 apparently hasso

significant seasonal variation [Masuzawa 1950].

5. Summary

A time scale associated with the intermediate layer circulation in the North Pacific is estimated
with a 3-dimensional tracer model driven by the water velocity and density fields obtained in an OGCM
simulation of NPIW (North Pacific Intermediate Water). Tracer with a distinct temporal peak is
imposed at the sea surface of the Okhotsk sea and the subarctic ocean (winter & >26.00g ) . :

(1) Tracer is quickly mixed to the deep Sea of Okhotsk and outflows along with fresh and dense water
(>26.709) , and diffuses southeastward along the isopycnal surface to the lower part of NPIW. It takes
15-20 years for the significant peak of the tracer to reach the middle of the basin (~20N).

(2) On the other hand, along the density surface which seasonally outcrops to the sea surface in the
Okhotsk sea and the northwestern subarctic sea (26.7c9> 8§ >26.00g), the tracer is carried eastward
mostly by the Kuroshio extension flow to the upper part of NPIW. It takes 5~10 years for the tracer
peak to reach the interior of the North Pacific (~20N).

It is noted that the present time scale defined by the period between the source peak to the local peak
is shorter than the time required for the diffusive equilibrium ( >300 years) and the apparent age (10~30
years). The apparent age is estimated from ratio of tracers with different source history, where mixing
with the surrounding old water is counted.

21—



References

Cox, M. D., An eddy resolving numenml model of the ventilated thermocline, J. Phys. Oceanogr., 15, 13 12-
1324, 1985.

England, M., V. Garcon, and J. Minster, Chlorofluorocarbon uptake in a world ocean model [: sensitivity to the
surface gas forcing, J. Geophys. Res., 99, 25215-25233, 1994.

England, M., Using chlorofluorocarbons to assess ocean climate models, Geophys. Res. Lett., 22, 3051-3054,
1995a.

England, M., The age water and ventilation timescales in a global ocean model, J. Phys. Oceanogr., 25, 2756~
27717, 1995b. '

Gent, P. R, and J. C. McWilliams, Isopycnal mixing in ocean general circulation models, J. Phys. Oceanogr.,
20, 150-155, 1990. '

Hellerman, S., and M. Rosenstein, Normal monthly wind stress over the World Ocean with error
estimates, J. Phys. Oceanogr., 13, 1093-1104, 1983.

Kitani, K., An oceanographic study of the Okhotsk Sea- Particularly in regard to cold waters-, Bull. Far Seas
Fish. Res. Lab., 9, 45-717, 1973.

Levitus, S., Climatological atlas of the World Ocean, NOAA Prof. Pap., 13 U. S. Dep. of Commerce
Washington, DC, 173 pp, 1982.

Masuzawa, J., On the intermediate water in the southern Sea of Japan, The Oceanographic Magazine, 2, 137-
144, 1950.

Oberhuber, J. M., An atlas based on the "COADS" data set: The budgets of heat, buoyancy, and turbulent
kinetic energy at the surface of global ocean, Max-Plank-Institute for Meteorology. Report. 15, 199 pp,
1988.

Qiu B, and T. Joyce, Interannual variability in the mid- and low-latitude western North Pacific. J. Phys.
Oceanogr., 22, 1062-1079, 1992.

Robitaille, D. Y., and A. J. Weaver, Validation of sub-grid-scale mixing schemes using CFCs in a global ocean
model, Geophys. Res. Lett., 22, 2917-2920, 1995.

Talley, L. D.. An Okhotsk Sea water anomaly: implications for ventilation in the North Pacxﬁc Deep-Sea Res.,
38, S171-190, 1991

Tanimoto Y., N. Iwasaka, K. Hanawa. and Y. Toba. Characteristic variations of sea surface temperature w1th
multiple time scales in the North Pacific. J. Climate, 6, 1153-1160, 1993.

Tsunogai S., T. Ono, and S. Watanabe, Increase in total carbonate in the western North Pacific Water and a
hypothesis on the missing sink of anthropogenic carbon, J. Oceanogr., 49, 305-315, 1993.

Warner, M. J., J.'L. Bullister, D. P. Wisegarver, R. H. Gammon, and R. F. Weiss,Basin-wide distributions of

~ chlorofluorocarbons CFC-11 and CFC-12 in the North Pacific: 1985-1989, J. Geophys. Res., 101,
20525-20542, 1996.

Yamanaka, G., Y. Kitamura, and M. Endoh, Formation of North Pacific Intermediate Water in an MRI ocean
general circulation model. Part [: [sopycnal mixing and margmal sea fresh water, submitted to J.
Geophys. Res.. 1997a -

Yamanaka, G., Y. Kitamura, and M. Endoh. Formation of North Pacific Intermediate Water in an MRI ocean

, general circulation model. Part II: Passive tracer experiments, submitted to J. Geophys. Res., 1997b.

Yukimoto S., M. Endoh, Y. Kitamura, A. Kitoh, T. Motoi, A. Noda, and T. Tokioka,

Interannual and interdecadal variabilities in the Pacific in an MRI coupled GCM,Climate Dynamics,
12, 667-683, 1996.

—22— .



Simulated salinity (Control Run) along 26.8

15
son
3
i .

120€ 140f 130 160€ (JOE 183 1JOW 1eOw 130w 140w 130w 120W

Simulated velocity (Control Run) clong 26.8

it

150 163 1TOE l II'“ 160W (30w 140w 130w 120W

™ 154 N =" Jom e aom ‘&jl S0m U IJT]:
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Extended Abstract

Sca surface wind (SSW) fields over the North Pacific are reconstructed using sca
level pressure (SLP) fields (Trenberth’s Corrected Yearly- Monthly Northern Hemisphere
SLP, version 010.1) for the period of 97 years from 1899 to 1995.

The reconstruction method is purely empirical as follows.  First, monthly
climatologies of SSW using winds of the Comprehensive Ocean- Atmosphere Data Set
(COADS)-and of SLP averaged for ten years from 1981 through 1990 are computed (Fig.
1). Then, -monthly anomalies of both SSW and SLP fields during the ten years are
calculated (Fig. 2). Under the assumption of a geostrophic balance, geostrophic winds are
computed using monthly SLP anomalies (Fig. 3). Comparing thosc with monthly
COADS SSW anomalies, two adjustment factors of the reduction coefficient and the
correction angle arc estimated for four seasons (Fig. 4: Fig. 5: Table 1). Adopting these
adjustment factors for the calculated geostrophic winds, corrected wind anomalies for the
rest of the period are calculated. - The total wind fields arc then obtained as the sum of
wind anomalics and COADS SSW climatologies (Fig. 6). When we regard the COADS
SSW as the reference fields, the crrors of reconstructed SSWs are estimated to be less than
1 m/s in magnitude (Fig. 7: Fig. 8: Table 2). Since thc mecan height of the- ancmometers
installed in the merchant vessels during 1980s is approximately 35 m, reconstructed winds
are further adjusted to that at the standard height of 10 m.

Time series of the reconstructed wind speeds in the westerlics region shows decadal
to multidecadal scale variation: in 1920s through 1940s, westerlies strengthened compared
with the rest of the period (Fig. 9). In the same region, wind speeds are also compared to
those derived from COADS SSWs. As pointed by the previous rescarchers, COADS
SSWSs show the increasing trend at least from 1950s to the prescnt (Fig. 10).

(This paper has been submitted to Journal of Atmospheric and Oceanic Technology.)
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Fig. 1. Climatologics of SSW fields of January (a) and July (b): ten- year averages from
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and (d)).



1981-90 winler

1000 YV TP TR STV T P TTE)
- (a) )
800 - -
- 1
:) 600 |- -
E ]
a
£ 400 -
200 -
0
-180 -80 0 80 180
angle (°)
1981 90 summer
NaSaSEASRSRARARSRSRAASRARS RAAARRRA]
L (e)
800 |- -
-
:,' 600 |- 1 -1
Fa} . ;
E
3
c 400 -
200 -1
0
-180 -80 [\] 20 180
angle (°)

number

number

1981-90 spring

MAARAEEANRRNARAR SRR RERARS] rrrven

L (b)

1000

800

600

400

200

il

-90

(0

Ll
[} 90

angle (°)

o
-180

1981 -80 autumn

L (d)

.

-4

6800

-]
(=3
(=]

o>
o
o

200

0
angle (°)

0
-180 -80 80 160

180

Fig. 5. Frequency distribution of angle differcnces between COADS SSW anomaly
vectors and calculated GW anomaly vectors. Sample number is the same as Fig. 4. The
bin of anglc is ten degrees such as - 5 to +5, +5 to +15 and so on. :

1981 Joa Ao/ COADS SSN 1981 34 COADS SSH
o | 2 2 n 1 2 s 2 2 Y _o. L % 2 . I 2 Nl L 2 l el I S T ! .
(a) p o
= P ] 9 - 3
" AR | ! » S s P
\~r—srrt} ) W Pttt [
\eéer,,aacfgf 1 {///-—///I:\\-
V‘]_ 4 N e v o} ) \N———Sf i
) VLR 7\ \\\s.‘\—.a//—“-.—p/
» A STV ENR » \\--—g\ i
l‘\\\-ﬁ/——,.—,g\\-—.—/// ! N s // \. !
10452 : v 2 L Y .2 T Y

eow

n

////f")//////
//’-*////lll
NN S o= NS SN—

T A N NSt o o o o e

\ \--\\

Fig. 6. COADS SSW ficlds of January (a) and July (b) 1981, and thosc of the finally
reconstructed SSW ficlds ((c) and (d)).



wind speed (30-45N, 160E-160W)

normalized wind speed

1900 1910 1920 1830 1940 1950 1960 1970 1980 1990 2000
year
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45N and 160E- 160W from 1900 to 1995. Thick solid linc dcnotes S- ycar running mcan.

The origin of vertical axis is the mcan wind speed of 4.27 m/s during 96 ycars and unit is
normalized by the standard deviation of 1.20 m/s. '
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Fig. 10. Timc scrics of diffcrence of wintertime westerlies wind speeds between the
reconstructed SSWs and COADS SSWs from 1950 to 1990, in the same region as Fig. 9.
Plcasc note that sincc the COADS SSWs arc those at the height greater tan the standard
height of 10 m, whilc the rcconstructed SSWs arc-at 10-m hcight, there is some bias

between the two.
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Fig. 10. Timc scrics of difference of wintertime westerlies wind speeds between the
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Plcasc notc that since the COADS SSWs arc those at the height greater tan the standard
height of 10 m, whilc the reconstructed SSWs arc at 10-m height, there is some bias

between the two.
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Diagnostic Calculation of the North Pacific

Circulation Based on a Seasonal Climatic Data
Prof., Dr.Victor Kuzin, Dr. Valery Moiseev

Novosibirsk Computing Center Siberian Division RAS,
RUSSIA :

The reconstructon of the velocity fields on the basis ‘of the hydrophysical fields
distributions (T&S) with the use of some mathematical relations is the classical problem
of oceanography. The first of the series of the methods dealing with the solving this
problem was the dynamical method of Zubov,Mamaev,1956, Defant,1961. This method
played an important role in the estimates of currents for many regions of the World
Ocean. Nevertheless this techniques has a well-known disadvantage connected with
determining the “zero” surface or absolute velocity. In this connection any efforts in the
direction of the diagnostic theory development with the use of more complete models
were encouraged. These are the computations of Sarkysian,1966, Cox, 1975, Holland,
Hirshman, 1983. One of the problems arising at the diagnostic stage is unbalanceness of
the climatic data, especially in the tropical zone. Filtering of the climatic fields do not
lead to the appropriate results. One of the approaches which has to overcome this
problemis the “robust“ technique usedd by Sarmiento, Bryan,1982. They include the
sources to the prognostic heat and salt equations which controls the deviations from the
“initial” climatic data. This was also done by FUJIO Imasato,1991 for the study of the

deep Pacific circulation.

The present study fo][ows another approach suggested by Demin, Sarkysian,1992, Ezer,
Mellor,1994, who . used the additional adjustment cal¢ulations after the diagnostic step
with the use of the prognostic primitive equations without any sources. The criteria for
the adjusticent period is the kinetic energy and potential enstrophy behaviour.

The object of the study of the present paper of the North Pacific hydrophysical
characteristics and its seasonal variations according to the climatic data. The
. Novosibirsk Computing Center North Pacific Circulation Model based on the finite
- element technique was used for the calculations of the currents, mass and heat fluxes.
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Model and Numerical Technique

A primitive equations of the ocean thermodynamics is used with the traditional
Boussinesq, hydrostatics and “rigid-lid” approximations. The model is formulated in
the spherical coordinates. The basin includes the tropical zone up to 30 S. The T&S
seasonally averaged climatic fields from Levitus Climatic Atlas,1994, was used at the
surface and the “liquid” southemn boundary. Hellesman, Rosenstein, 1983 wind-stress was
set at the sea surface. At the “solid” boundaries no-flux condition for heat and salt as

well as free-slip conditions for the momentum equations were used.

The spatial resolution on E-type grid is 1¥2 deg. with respect to the honzontal
coordinates and with 18 vertical nonuniform standard levels. |

The numerical technique based on the finite element :«;p'proach with splitting has been
developed by Kuzin,1985 and applied to the North* pacific basin in the work by

Kuzin, Moxseev 1995.
The main aspects of the numerical techmque is as follows. |

a) Momentum equations. The algorithm is based on the traditional idea of separations
of the external and the intemal modes. The extemal mode equations are reformulated
as a vorticity equation in terms of the integral-stream function. For the internal mode
the system of equations which is similar to the initial system is solved. Discretization of
the equations was carried out on the basis of the piece-wise interpolating functions with
the use of the “mass-lumping “ technique. For the advective terms the finite element
version of the up-stream scheme was used. With respect to time the implicit scheme was
used. The pressure gradient terms as well as some part of the advective terms integrated
by the vertical were treated in the explicit manner. For all other terms Crank-Nicholson

scheme was used with the block Zeidel iterative procedure.

b) Heat and Salt equations. First, the equation is split by the cross-sections of the
“chess” grid and then the quasi-two-dimensional problems are discretized by piece-wise
finite elements at each section with the mass and energy conservation laws. At each
time step an additional wise-coordinate splitting is used on the basis of the Crank-
Nicholson scheme which allows construction the completely implicit algorithm.

¢} Hydrostatic equation. Discretisation is don: on the staggered grid for different
characteristics in the manner which leads to the correct transformation of the potential
* energy to the kinetic energy and vice versa. As a result the model in the discrete form in
adiabatic conditions conserve the first momentum (mass, heat, salt ) and the total

energy.
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Numerical experiments and results

Numerical experiment has been carried out for seasons. The mmal moment the
seasonal temperature, salinity fields are prescribed.

The diffusivity and viscosity coefficient are as follows: coefficient of the horizontal
viscosity 4, =5*10%cm? /s ; caefficient of the vertical viscosity 4, =10%cm? /s ;
coefficient of the horizontal diffusivity u=2*10°m’/s; coefficient of the vertical
diffusivity  v=10cm®/s; bottom drag coefficient R=107"s".

For the diagnosis stage 3-D momentum equations were calculated for each season
during 50 days period of the model time.

For the analysis of the results three zones are selected: A (30 N - 60 N), B
(10N - 30 N), C (10 S - 10 N). Then the seasonal values of the integral stream
function (ISF) was subtracted from the annual mean value. The results show
remarkable seasonal variations of the maxima of the integral stream function for selected
zones. The peaks of variations are observed for the winter and the summer seasons. The
variations of the subpolar and subtropical gyres and subpolar front is caused by the
interaction between the Siberian High and the Aleutian Low which  dominates in this
region. The scasonal deviations in the A- and C- zones are positively correlated,
whereas they are in the antiphaze with the variations in B- zone. The value of the
annual mean mass transport for the subpolar and subtropical gyres are 20 sv and 45sv
respectively. So, the Kuroshio integral mass transport varies from the summer to the
winter season from value 63 sv to 28 sv.

The results of the 3D velocity diagnosis are appropriate enough for extratropical
zones, however for the tropical basin the circulation, meridional circulation, integral
heat fluxes and some other characteristics are rather disinformative because of the
inconsistency of the density field and the diagnostic model. To avoid this problem the
short-range prognostic calculations for seventy five-day periods with a primitive equation
model were done for each season. This procedure, as it was mentioned above, is
- alternative to the robust technique and allows the balance of hydrophysical fields and
leads to some improvement of the hydrological characteristics. Let us consider the
process of adjustment as well as the changes which it causes on the examgle of the
autumn season. For this purpose four regions were selected: equatoral (5 S - 5 N),
tropical (5 N -10 N), subtropical (10 N -30 N) and subpolar (30 N - 60 N). On
- the pictures of the kinetic energy for each regions one can see that the period of
* stabilization is very " short for subtropical and subpolar regions both for the diagnostic

|

|



and adjustment modes (Figs 1b,c). It is less than fifteen days. For the tropical regions
the period of diagnostic stabilization is slightty more than fifteen days whereas
adjustment need more than thirty days (Fig. 1 a). As concerns the equatorial region, the
behaviour is extremely different (Figs 2 a-d). Diagnostic stabilisation at the deepest
levels is reached after forty days. The adjustment processes last three months. One can
see that there are some oscillations during the adjustment peried in this region. This
process not been analysed in detail yet, but all the above mentioned features are
specific for each season. The results of adjustment for velocity fields at depths 100 m
and 5000 m are presented at the Fig. 3.

Now let us tun to the discussion of the hydrological characteristics for the other
seasons and their specific features. At the Figs. 4,5 thé pictures of the winter and
summer circulation are presented at the depths 50, 150°1200 and 5000 m. The join
features of circulation in all of the seasons are the pré'sénce of the subpolar,subtropical
and tropica system of circulation with strong intra-tropical countercurrents and equatorial
undercurrentwhich is began to form. The Oyashio and Kuroshio with the recurculation
zones are well expressed, althow are not so intensive and narrow. At the layers deeper
then 1200 m there arize a system of undercurrents shfted relatively the main currentd by
the latitude. the main difference between the winter and summer circulationis that for all
levels of the Northern hemisphere the currents in*winter are more intensive. -

Finaly let us discuss such important characteristic as the meridional heat transport
which play the key role in the atmosphere-ocean joint climatic system. Fig. 6 represents
the transformaton of the components of the heat flux for autumn during the adjustment
period. The results shows the significant ordering and increasing of the heat flux for the
layers 0-100 and 100-900 m (Fig. 6). This is caused by improuving of the balance
in the hydrophysical fields after adjustment. The similar processes are specific for the all
other seasons. The results are in agreement with the estimetes known from the literature

(Talley, 1984).The seasonal variations presented in the Fig. 7 indicate that in summer
the maximal values of the northward heat flux increased and shifted to the south what is

in accordance with the estimates of Levitus, 1987.
This work was supported. by Russian Foundation of Fundamental ResearchGrant No
95-05-65953.
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Changes in atmospheric CO, and "CO, growth rates suggest that terrestrial and
oceanic carbon uptakes vary by 2 to 4 giga tons (Gt) C yr' on interannual time
scales'’. Here we estimate the interannual variability of sea-air CO, partial pressure
differences (ApCO, = pCO,5,,-pCO,,,p) using regionally varying seasonal
correlations between pCO,,y and sea surface temperature (SST). Intrinsic in our
study is the assumption that variations in SST capture the interannual variations of
pCO.sy- Variations in oceanic carbon uptake arc then computed with an empirical
wind speed-gas exchange dependence together with monthly mean wind speed and
SST fields for the period between 1982 and 1995. The calculated interannual
variability of 0.3 Gt C yr' (2c) is an order of magnitude less than inferred from the
atmospheric record. Our results suggest that changes in CO, uptake by the
terrestrial biospherc are probably the main cause of year-to-year variations in the
rate of atmospheric CO, increase. ' '

Double deconvolution calculations'? using changes in concentration of atmospheric
CO, and its stable carbon isotope ratio (5'°C) suggest that oceanic sinks have interannual
variability on the order of 3 Gt C (2c) from 1982 to 1992 (Fig. 1). However, this
conclusion is drawn from atmospheric observations alone and no independent verification
utilizing oceanic measurements has been made to date. Such verification is singularly
difficult because of spatial and temporal variability in sea-air CO, fluxes and lack of
global observations on seasonal time scale.

Recently Takahashi et al.’ constructed a monthly mean global distribution of ApCO,
for a non-El Nifio year using approximately 2.5x10° measurements made during about
250 expeditions over the past 20 years. Because of the spatial and temporal sparseness of
observations, the multi-year data were normalized to 1990 and interpolated onto 4°x5°
grids and on a monthly time scale using the surface transport field of the Princeton/GFDL
General Circulation Model*. Sea-air CO, fluxes (F) were determined by multiplying the
sea-air partial pressure difference (ApCO,)’ with the monthly mean gas transfer velocity
(k) and solubility (Kp): F =k K, ApCO,. The gas transfer velocity was calculated from an
empirical relationship with wind speed®.

Here we estimate the interannual variability in oceanic carbon uptake for the period
from 1982 to 1995 utilizing this monthly global climatology of ApCO,’ and global
records® of monthly mean wind speed and SST anomalies from the 1990 observations
(Fig. 2a). Sea-air CO, fluxes can be decomposed into a kinetic (k) and a thermodynamic
component (K, ApCO,). We assume that the kinetic variability is accounted for by wind
speed variations and the thermodynamic variability by SST variations through regional
pCOysw-SST relationships. :

The seasonal variations of pCO,sw are controlled primarily by changes in temperature
{8lnpCO,4,/0t = 0.042) and total CO, concentrations (8lnpCO,,,/dInTCO, =~ 8 for
tropical and 12 for polar waters). The effects of changes in TCO, and SST on pCO,,, are
roughly of equal importance but often act in opposite directions. Changes in pCO,,, due
to the production of biogenic CaCO, are generally small with the exception of
coccolithophore blcoms in temperate and subpolar seas’. Three general trends in the
pCO,5w-SST relationship are found in the world oceans (Table 1)*". In high latitude
oceans, the total CO, (TCQ,) increases during seasonal cooling due to the convective
mixing of deep waters rich in CO,. Thus, the potential lowering of pCO,sy by cooling is
opposed and sometimes overtaken by increases due to elevated TCO,. Photosynthesis,
which reduces pCO,sw, is governed by irradiance which, in turn, affects SST and
influences the vertical stability of upper layers of the ocean. Therefore, the observed
pCO,5w-SST relationships at high latitude vary seasonally and geographically over a
wide tahge from —6%°C" in winter to +4%°C"' in summer*'%. In temperate and tropical
oceans where the mixed layer is thin and vertical mixing is weak, the pCO,sw-SST
relationship'? is seasonally less variable and is positive ranging from +1 to +4%°C"". In



the Eastern Equatorial Pacific where pCO,sy is controlled by the rate and depth of
upwelling, the distribution of pCO,s.y is to a large extent controlled by El-Nifio/Southern
Oscillation (ENSO) event'*"”. Changes in pCO,y, are strongly inversely correlated with
changes in SST. Although the mechanism controlling pCO,,, differs for different regions
and seasons, changes in pCO,sy-are well correlated with SST variations.

Two different approaches are used to construct global ApCO, maps for individual
years between 1982 and 1995. In the first technique, we determine least squares linear fits
of monthly climatological pCO,gy, and SST values® of 1990 for each pixel (4°x5°) for
three seasonal periods, January through April, May through August, and September
through December. However, the pCO»sw-SST relationship for the Eastern Equatorial
Pacific of -6%°C" was obtained from measurements made during both the warm and cold
phase of the ENSO"", since the climatology of pCO,g,,* excludes measurements made
during El Nifio years. These relationships were then used to calculate the monthly
anomalies in ApCO, using the differences between monthly mean SST of 1990 and the
observed monthly SST from the NCEP/NCAR reanalysis® for each pixel (case 1 in Fig.
2a). A basic premise in this approach is that the same factors that govern seasonai
variations in pCO,,, control the interannual variations as well.

- The second approach is to use regional pCO,5,-SST relationships reported in
numerous published papers*'’ (case 2 in Fig. 2a). The pCO,sw-SST relationships
obtained with the two methods are in good agreement, when seasonal relationships for
each pixel are averaged annually over the areas listed in Table 1. The average uptake for
1982-1995 and interannual variability of oceanic carbon uptake obtained for the two
methods is similar as well (Fig. 2a). :

Since the pCO,sw-SST relationships are by no means exact, sensitivity studies were
performed by adjusting the regional relationships by 50% in such'a way to maximize and
minimize global oceanic carbon uptake. For a maximum uptake scenario (case 3 in Fig.

- 2a), the pCO,5w-SST relatibnship for the Eastern Equatorial Pacific was increased by
50% from —6%°C"' t0 -9%°C"'; whereas pCO,5y,~-SST relationships for the rest of the
oceans were decreased by 50%. For a minimum oceanic uptake (case 4 in Fig. 2a), the
opposite condition to case 3 was used. The largest sensitivity to the variations of the
PCO,5w-SST relationship, with peak-to-peak difference of 0.4-0.6 Gt C yr”, is found
during the large ENSO events (1982-1983 and 1986-1987), whereas the sensitivity is
generally smaller during the La Nifia events (1984-1985 and 1989). ' .

Most of the variations in oceanic carbon uptake from 1982 to 1989 can be attributed
to changes in CO, flux in the eastern equatorial Pacific alone (Fig. 2b). However, the
smaller variability in SST in the equatorial Pacific during the 1990s results in
significantly smaller variations in the equatorial efflux. :

The interannual variations in wind speeds account for less than 10% of the total
variations in oceanic carbon uptake except for 1982-1983 and 1986-1987 when strong El
Nifio events took place. Wind speed anomalies that are predominantly in equatorial
regions during the El Nifio periods account for 20-30% of the annual oceanic uptake
anomalies. .

There is good general agreement with sparse interannual observations except that
variability in the Eastem Equatorial Pacific is less in our modeled results. F eely et al."
suggest that approximately 0.3 + 0.2 Gt C was released to the atmosphere from the
Eastern Equatorial Pacific (10°N-10°S, 80°W-135°E) in 1992, 0.6 +0.3 Gt C in 1993, and
0.7 0.3 Gt C in 1994, while our results give the equatorial effluxes of 0.3 Gt C, 0.4 Gt
C. and 0.5 Gt C, respectively. An average of observed CO, fluxes (moles C m™) in the
Bermuda Atlantic Time-Series (BATS) site'® (31°50N, 64°10W) were —0.8 + 0.3 (1o)
moles C m™yr" for a period from 1989 to 1995, while our results give an avetage flux of
—1.0 £ 0.2 (15) for the same period. At Ocean Station P (50°N, 145°W) in the eastern
subarctic Pacific, an average CO, flux was -0.8+ 0.3 (15) moles C m? yr* over the six



years period from 1973 to 1978. Our modeied oceanic uptake at the same iocation is —1.3
+ 0.2 (16) moles C m?yr" over the period between 1982 and 1995.

The sharp contrast between our modeled cceanic carbon uptake variations and those
determined trom atmospheric double deconvoluticn calculations can be caused by several
factors. Partitioning of carbon between land biosphere and ocean is sensitive to biases in
the limited atmospheric 5"C record, with an uncertainty of £0.015%o in 8"°C, resulting in
an error of +1 Gt C yr' in partitioning'. Interannual changes in growth rates of C3 and C4
plants which have different fractionation factors for photosynthesis (8"°C = -10 to —15%.
for C4 and -25 to —30%. for C3) would cause errors in assessments of terrestrial and
oceanic carbon uptakes based on atmospheric observations'*’. Our method might depress
the amplitude of interannual carbon uptake variability. The ApCO, climatology” smooths
the mesoscale variability in local observations, because of normalization of 20 years of
data to the virtual year 1990, and because of interpolation of data in space and time by a
lateral transport model. The simple pCO,sw-SST relationships might not capture
variability in the fresh water fluxes particularly in the Equatorial Pacific. During ENSO
events, low salinity surface water with low ApCO, (due to enhanced rainfall) moves from
the Western Equatorial Pacific into the Central and Eastern Equatorial Pacific*'. The
eastward movement of fresh water lenses causes a decrease of ApCO, in the Central
Pacific, which may be partially compensated by hi;;he'r ApCO, in the western-most
Equatorial Pacific due to influx of saltier waters™?.

Atmospheric deconvolution models'* suggest that environmental factors such as
ENSO events have a large influence on the interannual variability in oceanic carbon
uptake. Our results show the same, but the magnitude of the interannual variability in our
oceanic carbon uptake is much smaller. Updates in the atmospheric deconvolutions show
smaller interannual variability but still significantly larger than we estimate®. The use of

the pCO,sw-SST relationship is a first step in estimating interannual variations in global

sea-air CO, fluxes. Recerit work using 3-D global circulation model by Le Quéré et al®
also suggested that the interannual variability in oceanic carbon uptake is significantly
smaller than inferred from changes in atmospheric CO, and 8"C and that most of the
variability is in the Eastern Equatorial Pacific. In the future, the use of satellite-derived .
observations of ocean color and SST along with ground truthing should improve temporal
and spatial extrapolations of pCO,sw fields and thus increase our confidence of estimates
of interannual variability in oceanic carbon uptake. '
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Table 1 The regional pCO,sw-SST relationships
. ‘ Case #l Case #2
Oceans
Pcost'SST” PCO;S\v~SST. Ns
North Atlantic and Pacific | -2 *2.7%"* -4% 142
(40°N-70°N) | (-4%)*"
Subtropical gyres 1.5+£2.4% 1 to 4% 912
(4008_400N) (2.5%)I0.IZ.IJ.N.IS.16
Central and Eastern Pacific | -6%2 -4 to 7% 69
(10°N-10°S, 80°W-150°W) (-6%)">"
Southern Ocean -1.7+2.1% -1.5% 508
(4008“7008) (_1 .5%)9.ll.|2.13

# The ?COZSW-SST relatxonshlps were derived from climatological pCO,sw and SST
values® for each 4°x5° pixel in 1990 and averaged over the annual cycle for the areas
listed in column 1. .

* Literature values of pCO,sw-SST relationships from measurements made during
various seasons. Values in parenthesis were used for calculation for case 2 in Figure 2.

& The standard deviations (S.D) for the climatological pCO,sw-SST relationships
averaged over the entire region. For case 1, seasonal pCO,sw-SST relationships for
individual grid boxes were used, and the S. D presented here does not reflect the
uncertainty in oceanic carbon uptake :

@ Literatures values''” were used for the Eastern Equatorial Pacific, since the
climatology® of pCO,sw does not include measurements made durmg El Nifio years.

$ Number of grid boxes in the regions.
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FIG. 1 Interannual variability of oceanic CO; uptake (1982-1995) obtained from this
study (for case 1 in Fig. 2) compared with the results from Francey er al. !






