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Preface

Since the industrial revolution, the release of carbon dioxide (CO,) from the activities of
humankind, such as fossil-fuel combustion and land-use change, has dramatically increased
atmospheric CO, concentrations leading to significant recent global warming. The ocean has absorbed
about half of the anthropogenic carbon emissions over the industrial era. This absorption has benefited
humankind by reducing the growth of CO, levels in the atmosphere and consequently decelerating
global warming. Recent reports have indicated a decline in the efficiency of the ocean as a carbon sink
for anthropogenic emissions under increasing atmospheric CO, levels in recent years. To precisely
predict future global warming, it is essential to understand the ocean carbon sink.

Recent extensive observations of oceanic CO, and international synthesis of global data have
resulted in the production of a map of the monthly climatological partial pressure of CO, (pCO,) in
surface waters and the estimation of the global ocean CO, uptake. These studies provided a
climatological mean field of the ocean carbon sink, but the variability of this sink at various
time-scales remains poorly understood. Estimates of global and regional ocean carbon sinks by using
ocean models are generally controversial, depending on the model and method. Therefore,
observational data are required for realistic evaluation of ocean carbon sinks. Empirical methods have
been developed in several regions of the ocean to evaluate the regional CO, flux by using the
characteristics of oceanic pCO, fluctuations. However to date the regions where such empirical
methods can be applied are limited.

In this technical report, we describe a newly developed method for evaluating monthly fields
of oceanic pCO, and the subsequent temporal variations of the sea-air CO, flux over extensive regions
of the North and South Pacific by using synthesized observational data. The application of this method
is expected to contribute to understanding of future changes in the ocean carbon sink and the ocean's

role in controlling the rate of atmospheric CO, increase.

Takashi Midorikawa, PhD.
Director of Geochemical Research Department

Meteorological Research Institute
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Abstract

We developed an empirical method for estimating monthly fields of the carbon dioxide
(CO,) partial pressure in surface seawater (pCO,s) and the sea-air CO, flux in the Pacific Ocean by
using the relationships between pCO,s and other parameters. The method uses not only sea surface
temperature (SST) but also sea surface salinity (SSS) and chlorophyll-a concentration (Chl-a) derived
by remote sensing and data assimilation. The introduction of Chl-a data significantly reduces the
estimation bias especially for the high latitudes where net biological uptake of inorganic carbon is very
high during the bloom season. The bias in pCOss estimates throughout the Pacific is between —10 and
+10 patm.

We used our empirical method to estimate the monthly CO, flux with a resolution of 1° x 1°
from 1985 through 2009. The uptake of CO, by the ocean is high in the mid-latitudes in winter. In
contrast, CO, is released to the atmosphere throughout the year in the equatorial region. The CO,
outflux in the equatorial region varies with El Nifio/Southern Oscillation (ENSO). The emission of
CO, decreases during El Nifio (ENSO warm phase) and increases during La Nifa (ENSO cold phase).
The mean annual CO, flux in the Pacific north of 50°S was estimated at —0.59 + 0.14 PgC yr ' (a
negative value indicates uptake by the ocean). This value is greater than the climatological value
(—0.46 PgC yr ') determined by Takahashi et al. (2009b) mainly due to the difference in gas transfer
coefficients used in the studies.

The estimate of CO,flux largely depends on the gas transfer coefficient and wind speed at
10 m above sea level (Uyo) used in the calculations. Therefore we also evaluated the differences in CO,
flux estimates based on three gas transfer coefficient formulas and three data sets for Uj;,. The CO,
fluxes calculated with different equations of gas transfer coefficients differed by 15-20%. The CO,
flux calculated using data from National Centers for Environmental Prediction-National Center for
Atmospheric Research (NCEP/NCAR) Reanalysis I is significantly lower in the equatorial region than
that calculated with Japanese 25-year Reanalysis/JMA Climate Data Assimilation System
(JRA25/JCDAS) data; the mean difference is about —0.12 PgC yr ', or about 20%.
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1. Introduction

Currently, the global oceans are considered to be absorbing about 30% of the carbon dioxide (CO,)
released by fossil-fuel combustion (IPCC, 2007). However, where and how the CO, is absorbed from the
atmosphere into the oceans and how this absorption changes with time are largely unknown. It is important
to assess the sea-air CO, flux and its detailed spatiotemporal variation over the global oceans with minimal
uncertainty to understand the ocean carbon cycle and its controlling processes. This will help to reduce the
uncertainty of predicted future atmospheric CO, concentrations and to improve projections of global
warming.

Data for the CO, partial pressure in surface seawater (pCO,s) are necessary for calculating the
sea-air CO, flux. To date, millions of pCO,s data have been acquired (Takahashi et al., 2008). However,
pCOys is extremely variable in space and time. To document the changes in pCO,s and sea-air CO, flux at
basin to global scales with sufficient temporal resolution, it is necessary to fill in the spatial and temporal
gaps in the data.

Takahashi et al. (1993, 2002, 2009b) have estimated the climatological monthly pCO,s by using a
time-space interpolation of pCO,s data. In this method, pCO,s data are first corrected to those in a reference
year using the rate of increase in atmospheric CO, concentration, and then a climatological pCO,s
distribution is constructed by interpolation based on a lateral two-dimensional advection-diffusion model.
However, this method does not account for the influences of year-to-year and decadal variations such as
those associated with the El Nifio/Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO).

Empirical methods using the relationships between pCO,s and other parameters such as sea surface
temperature (SST) and salinity (SSS) have been developed to deduce year-to-year variability. For example,
Park et al. (2010) estimated global pCO,s by using pCO,s-SST relationships. The Japan Meteorological
Agency (JMA) has provided CO; flux information for the subtropical western North Pacific annually since
1999, and for the equatorial Pacific since 2007, by using empirical analysis methods based on SST-pCO,s
and SSS-pCO,s relationships (Murata et al., 1996; Nakadate and Ishii, 2007). However, these simple
methods are insufficient for representing the drawdown of pCO,s due to biological CO, uptake, such as in
the subpolar regions, and there are areas for which there are insufficient data to develop an accurate
empirical method. Therefore, the area for which JMA provides CO, flux estimates has been limited to only
about 1/12 of the global ocean. Improvements in the empirical method are required to expand the estimation
area to the global ocean.

Recently, remote sensing data for chlorophyll-a concentrations (Chl-a) from satellites have become
available, and these data are also used in empirical methods to represent the pCO,s drawdown due to
biological CO, uptake (Ono et al., 2004; Sarma et al., 2006; Chierici et al., 2009). In addition, the database of
global pCOys has been revised (Takahashi et al., 2008). In this study, we develop an empirical method to
estimate pCOys in the Pacific by generating equations from multiple regression analysis between pCO,s and
other parameters, including Chl-a. These relationships vary regionally. We divided the Pacific Ocean into
smaller regions for the multiple regression analyses so that the pCO,s in each region could be expressed by a

single relationship between pCO,s and other parameters. The estimation biases were no more than =10 patm

_1_



TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.66 2012

as confirmed by comparison with observational data (Takahashi et al., 2009a). The inclusion of Chl-a data
significantly reduces the estimation errors in the subpolar areas, which have intense biological activity.

In addition, we calculated the monthly pCO,s and CO, flux in the Pacific for the past 25 years
(1985-2009). We calculated the monthly CO, flux by using different combinations of gas transfer coefficient
equations and three data sets of wind speed at 10 m above sea level (Uj) to evaluate the uncertainty.

We describe the target region and data sets used in this study in section 2. The method of pCO,s
estimation, including the partitioning of the region and the multiple regression analysis, is presented in
section 3. In section 4, we discuss the estimation of pCO,s and its error. Finally, in section 5 we provide
seasonal maps and time series of the CO, flux, investigate the effects of the choice of gas transfer coefficient
equations and Uy data sets on the flux estimates, and compare our mean CO, flux values with the

climatological values presented by Takahashi et al. (2009b).
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2. Target region and data

Our target region is shown in Fig. 1. This region contains most of the Pacific Ocean except for the
marginal seas (Japan Sea, Yellow Sea and Bering Sea). Because the seasonal variation of pCOgs is different
in different parts of the Pacific, we divided the targeted study area into five smaller regions. The
thermodynamic effect dominates the variation in pCO,s in the North and South Pacific subtropical regions
(NP/T and SP/T, respectively; Murata et al., 1996; Takahashi et al., 2002). Upwelling elevates pCO,s in the
equatorial region (EQ; Nakadate and Ishii, 2007; Feely et al., 2006) and the carbon supplied through vertical
mixing in winter, and carbon consumption by phytoplankton from spring to autumn affect the subarctic and
subantarctic regions (NP/A and SP/A respectively; Ono et al., 2004; Sarma et al., 2006; Takahashi et al.,
2002).

o WOAO09
sornL 0 C - X 7]
A e I .
: Tf16°C. . -NP/A
o [ (-
OO0 RD S s zoe L NP/T

EQ LEQ
-y -SPIT
30°s : promsefaanaden oo
T=16C
55° S ., -SP/A
60"S
1207E =210 120" W -
R S
L >
3 B 9 12 15 18 21 24 27

Figure 1. Annual mean SST (shading) and SSS (broken lines) climatology from the World Ocean
Atlas 2009 (WOAQ9; SST, Locarnini et al. [2010]; SSS, Antonov et al. [2010]). NP/A,
subarctic North Pacific; NP/T, subtropical North Pacific; EQ, Equatorial Pacific; SP/T,
subtropical South Pacific; SP/A, subantarctic South Pacific (see sections 3 and 4). Solid
lines delineate 14 smaller regions A—N.

We used the Lamont-Doherty Earth Observatory (LDEO) Database V1.0 (Takahashi et al., 2008)
for pCOss analysis. This database consists of about 3.5 million pCO,s measurements collected between 1968

and 2006. There are relatively more pCO,s measurements from the equatorial and North Pacific and fewer
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from the South Pacific.

We used several gridded datasets to estimate pCO,s and CO, flux (Table 1). We used the “Merged
satellite and in situ data Global Daily Sea Surface Temperatures” (MGDSST; Kurihara et al., 2006) dataset,
analyzed by JMA. SSS was analyzed by the Multivariate Ocean Variational Estimation
System/Meteorological Research Institute Community Ocean Model (MOVE/MRI.COM-G; Usui et al.,
2006) developed by IMA/MRI. The Chl-a fields used are monthly level-3 standard maps of SeaWiFS and
MODIS-Aqua data prepared by the National Aeronautics and Space Administration/Goddard Space Flight
Center/Distributed Active Archive Center (NASA/GSFC/DAAC; Feldman and McClain, 2010a and 2010b)
and downloaded from the Ocean Color Home Page (http://oceancolor.gsfc.nasa.gov/). Monthly sea level
pressure (SLP) and Uy, fields are from the Japanese 25-year Reanalysis/JMA Climate Data Assimilation
System (JRA25/JCDAS; Onogi et al., 2007). The atmospheric CO, concentrations from JMA were from
model calculations using an inversion method based on data reported to the World Data Centre for
Greenhouse Gases (WDCGG) (Maki et al., 2010).

As monthly remotely sensed Chl-a are not available before 1997, we used monthly Chl-a
climatology to estimate pCO,s and CO, flux between 1985 and 1997. Because these data sets differ in their
horizontal resolution, we used linear interpolation or areal mean values to generate a dataset with 1° x 1°

resolution.

Table 1. Gridded datasets used in this study.

' Resolution
Variable Data (longitude X latitude) Reference
SST MGDSST 0.25° x0.25° Kurihara et al.(2006)
SSS MOVE/MRIL.COM-G 1.0° x03° ~1.0° Usui et al.(2006)

. SeaWiFS Reprocessing 2009.1 / o o Feldman and McClain
Chi-a MODIS-Aqua Reprocessing 2009.1 1712° x1/12 (2010a, 2010b)
SLP JRA25(1985-2004)/ o o .
1.25° X 1.25 0] t al.(2007
10m wind speed JCDAS(2005-2008) nogi et al.(2007)
xCO0a Carbon dioxide (CO,) destribution 25° x25° Maki et al.(2010)
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3. Method for estimating pCOss

3.1. Correction for long-term trends

Since the 1960s, pCO,s has been increasing in response to increasing CO, partial pressure in air
(pCOra) (Inoue et al., 1999; Inoue and Ishii, 2005; Takahashi et al., 2009b). In order to develop a method to
estimate pCO,s by multiple regression, it is necessary to take into account these long-term trends.

In the subtropical North Pacific (excluding the southeastern portion; area ‘F’ in Fig. 1) and in the
equatorial region where pCO,s has been regularly observed, pCO,s data are available with dense coverage in
both space and time. Here, the long-term trends of pCO,s can be evaluated by including the time of the
observation as one of the terms in the multiple regression analysis.

In the subarctic and the southeastern subtropical North Pacific, the number of pCO,s observations
has been increasing recently, but in the past the data were few. In the South Pacific data are particularly
sparse. Therefore, including the time of observations in the regression analysis does not properly determine
long-term trends. Here, we investigated long-term trends of CO, concentrations in surface seawater (xCO,s)
in each 1° zonal band in these regions by selecting the areas and seasons for which there were sufficient data
(Fig. 2a [lower] and 2b). We determined the latitudinal distributions of xCO,s since 1969 and the latitudinal

variation in the annual rate of increase of xCO,s (Fig. 2a [upper]).

Figure 2.

(a) Annual xCOas (lower) and trend of xCO,s (upper) in
each zonal band.

(b) Regions targeted for xCOgs trend analysis. The
regions labeled ‘a’, ‘B’, 'y’ and ‘d’ in (b) correspond to
the region labels between the upper and lower panels
in (a). For xCOys trend analysis we used the data in
April-May for & region, May-June for y region and
January -February for a and 3 regions.
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In the subarctic North Pacific (region 6 in Fig. 2b) the rates of increase range from 0.9 to 2.4 ppm
yr ' (average + SD, 1.4 = 0.4 ppm yr'). In the subtropical region (B) and (y), the rates of increase are fairly
constant with small variation; the average in both of these subtropical regions is 1.7 =+ 0.2 ppm yr . In the
subantarctic South Pacific (o), the rate of increase varies from north to south. Between the subtropical front
(55°S) and the subantarctic front (63°S), the rates exceed 2.0 ppm yr '. At lower latitudes (north of 55°S), the
rates are 1.0 to 1.5 ppm yr ', and at higher latitudes (south of 63°S) the rates are very low. This characteristic
distribution in the subantarctic South Pacific was also reported by Inoue and Ishii (2005). The average rates
in this study are 1.3 + 0.3 ppm yr ' (35°S—54°S) and 2.2 + 0.2 ppm yr ' (55°S—63°S). We prepared multiple
regression equations for these data-sparse regions by using the available data corrected to the year 2000 by

the respective average rates of change.

3.2. Empirical method for estimating CO, concentration in surface seawater.

We generated acceptable empirical equations for estimating xCO,s in each region by performing
multiple regression analysis based on the relationships between SST, SSS and xCO,s in each region (Fig. 3).
Because xCO,s varies primarily because of the thermodynamic effect from changes in temperature and
salinity, we examined relationships between SSS and xCO,s by using CO, data normalized to 10°C

(n-xCO,s) by using an empirical equation of Takahashi et al. (1993).

3.2.1. The subtropical region

We found a positive linear relationship between SST and xCO,s in the subtropical region. This
relationship results from the thermodynamic effect of temperature, which plays a dominant role in the
variation of xCO,s because of the shallow mixed layer and scarce nutrients (Murata et al., 1996; Takahashi et
al., 2002; Park et al., 2010). Higher xCO,s is observed in seasons with higher SST and lower xCO,s in
seasons with lower SST.

An exception is found off the coast of Peru where upwelling occurs. Coastal upwelling supplies
inorganic carbon, causing higher xCO,s in austral winter and spring. Thus the region off Peru becomes a

source of atmospheric CO, (Friederich et al., 2008).

3.2.1.a. The North Pacific (NP/T)

In the western subtropical region (west of 160°W), there are robust linear relationships between
SST and xCOys (red oval in Fig. 3b). xCOys can be estimated with small uncertainty by a linear regression
with SST as reported by Murata et al. (1996). JMA observes xCO,s along 137°E and 165°E each season as
part of operations from on board the research vessels Ryofu-Maru and Keifu-Maru. Linear regression
equations can be determined annually for each 1° (latitude) x 1° (longitude) grid by using these data.

In the eastern subtropical region (east of 160°W), the meridional SSS maximum is observed along
about 20°N (Fig. 1). There is a negative linear relationship between n-xCO,s and SSS north of the salinity
maximum (blue oval in Fig. 3g) and a positive linear relationship south of the maximum (green oval in Fig.
3g). For this reason, we separated the northern region from the southern by the salinity maximum in the

eastern subtropical North Pacific, and determined multiple regression equations with SST, SSS and year for

_6_
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each region as

XCO,5 =400.75+9.92 - T)s— 21.26 - Sy5 +1.14- Yryy, (£ SE,£14.5) (1)

for Region E (northeastern subtropical region; north of the SSS maximum and SSS < 34.6), and

XCO,5=364.73+7.99 - Ty +12.56 - S35 + 1.7 Yryyy (£14.9) )

for Region F (southeastern subtropical region; south of the SSS maximum).
T»s, S35 and Yo are [SST — 25], [SSS — 35] and [year — 2000], respectively. For the rest region (north of the SSS

maximum and SSS > 34.6) we used the same equation as that for Region D.

3.2.1.b. The South Pacific (SP/T)

Positive linear relationships were found between SST and xCO,s in almost all regions of the
subtropical South Pacific except for off Peru (Region J; green oval in Fig. 3d). The value for xCO,s at SST =
25 °C from the linear regression gradually increases toward the east.

Off the coast of Peru, there is a negative linear relationship between SST and xCO,s because of the
influence of coastal upwelling (Region K; blue oval in Fig. 3d). This relationship is found only north of 20°S
and east of 95°W from July to December. This region during this season is called the “coastal upwelling
region”. In contrast, there are no clear relationships between SSS and n-xCO,s throughout the entire
subtropical region (Fig. 3i).

We calculated a climatological linear regression equation for the relationship between SST and
xCO,s for each 1° x 1° grid by using the xCO,s data corrected to the year 2000, and produced an empirical
equation by adding the long term trend estimated in section 3.1 (1.7 ppm yr ') to this climatological equation

for Region J:
xCO,s = A(Lon, Lat) + B(Lat) - Ty5 + 1.7 - Yry, 3)

A and B are intercept and slope, respectively. Slope B is calculated for each 1° zonal band by using observational
data between 170°E and 170°W. The intercept A4 is the xCO,s at SST = 25 °C, corrected using the slope B.

In the coastal upwelling region, the linear relationship between SST and xCO,s changes with latitude,
because the upwelling strengthens toward the north. Therefore, we calculated a linear regression equation for

each 1° zonal band in Region K:
xCO,s = A'(Lat) + B'(Lat) - Tys + 1.7 - Yryg4 4

where 4" and B’ are intercept and slope, respectively.
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Figure 3. Relationships between xCO,s and SST (left column) or SSS (right column) in five regions of
the Pacific Ocean: (a) and (f), NP/A; (b) and (g), NP/T; (c) and (h), EQ; (d) and (i), SP/T;
(e) and (j), SP/A. The labels “Positive” or “Negative” indicate the signs of the regression
coefficients between xCO,s and SST or SSS.
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3.2.2. The equatorial region (EQ)

The easterly trade winds cause equatorial upwelling. This upwelling brings cold and carbon-rich
water from deeper layers to the surface. In the equatorial region, SST and xCO,s are negatively correlated
and this relationship varies seasonally and annually. Cosca et al. (2003) and Feely et al. (2006) used this
relationship to derive seasonal and inter-annual equations for estimates of pCO,s. In contrast, Nakadate and
Ishii (2007) and Ishii et al. (2009) used SSS to divide the equatorial region into the warm pool region and the
upwelling region and derived two equations to calculate xCO»s. In this region ENSO determines the strength
of upwelling and the wind patterns, which cause inter-annual variation of CO, flux (Cosca et al., 2003; Feely
et al., 2006; Nakadate and Ishii, 2007; Ishii et al., 2009).

In the equatorial upwelling region, we found a negative linear relationship between SST and xCO,s
that varies seasonally, as reported by Cosca et al. (2003) and Feely et al. (2006) (blue oval in Fig. 3¢). The
relationship between SSS and n-xCO,s is a quadric convex distribution and n-xCO,s reaches a peak at SSS =
35 (blue oval in Fig. 3h).

The warm-pool region spreads to the west of the upwelling region where there is a positive linear
relationship between SST and xCO,s. The relationship between SSS and n-xCO,s is not clear in this region
(red oval in Fig. 3¢ and 3h). East of the upwelling region, SSS and xCO,s are relatively low (green oval in
Fig. 3c and 3h). A positive relationship between SSS and n-xCOss is seen in this region where SSS is above
34.

On the basis of these observations, we divided the equatorial region into three sub-regions: the
warm pool region (G), the upwelling region (H) and the low salinity region (I). The geographic distribution of
these three sub-regions varies with time depending on the distribution of SSS. The boundary between the

upwelling region and the other two regions is defined by the following relationship:

35 (west of 160°W)
SSS, =4 35 + fon 160 (between 160°W and 120°W) (5)
40
34 (east of 120°W)

where ‘lon’ indicates longitude in degrees west. The area where SSS > SSS,,, is classified as the upwelling
region (Region H) and the region where SSS < SSS;,., contains the other two sub-regions. The area where
SSS < 8884 1s divided into two smaller regions at 140°W. The area west of 140°W is regarded as the warm
pool region (Region G) and east of 140°W is the low salinity region (Region I).

Eq. 6 below is the empirical formula for the distribution of xCO,s in the equatorial region. We used
a quadratic expression because of the quadric convex relationship between SSS and n-xCO,s in the
upwelling region (blue oval in Fig. 3h). A sine-function term for the month (“Mn” in Eq. 6; 1 to 12 for
January through December, respectively) is added to the equation only in the upwelling region to express the

seasonal variation.

. Mn—i
xcon:a+b'T25+C'S35+d'T252+e'S352+f'T25'535+g'erooo+h'sm[2” ;12 l} (6)
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The coefficients and root mean square errors (RMSESs) for each region are listed in Table 2.

Table 2. Coefficients and RMSEs for the multiple regression Eq. 5 for each sub-region in the equatorial
Pacific (EQ). Letters after sub-region names correspond to the region codes in Figure 1.

. RMSE
Region a b c d e f g h ppm
Warm pool (G) 455.76  -21.65 65.11 1.70 4.97 -8.18 1.97 — — 12.6
Divergence area (H) 46595 -10.51  9.29 -049  -66.86  2.86 1.31 14.87 0.40 27.4
Low salinity (I) 42330 -1.23  53.56 0.65 8.51 -2.18 1.50 — — 15.8

3.2.3. The subpolar regions

In the subpolar regions, strong vertical mixing supplies inorganic carbon from deep cold waters
each winter. The increase in xCOys by vertical mixing exceeds xCO,s reduction by seasonal cooling. There is
a negative relationship between SST and xCO»s in this region (Takahashi et al., 1993; Park et al., 2006).

In addition, phytoplankton consumes inorganic carbon in spring, with more consumption in the
western North Pacific. To estimate the carbon reduction, previous studies have used Chl-a levels measured
by remote sensing (Ono et al., 2004; Sarma et al., 2006; Chierici et al., 2009). In general, Chl-a is negatively

correlated with xCO,s because more carbon is consumed when more Chl-a is observed.

3.2.3.a The North Pacific (NP/A)

There is a positive linear relationship between SST and xCO,s in the region of the subarctic North
Pacific where SST > 16 °C, as was also seen in the subtropical region (red oval in Fig. 3a). In this region,
nutrients are exhausted and xCO,s mainly varies from the thermodynamic effect. The intercept of the linear
regression at 25 °C gradually increases toward the east. There is a negative relationship between SSS and
n-xCO;s in this region (red oval in Fig. 3f; referred as ‘the northern subtropical region’ (defined later)), with
SSS increasing from west to east.

In the open ocean where SST < 16 °C and west of 160°E, there is a negative linear relationship
between SST and xCO,s (blue and orange ovals in Fig. 3a) and no significant relationship between SSS and
n-xCOss.

In the region where 5 °C < SST < 16 °C, the slope of the linear regression between SST and xCO,s
in summer (from July to September) is smaller than that in other seasons. This shows that the balance
between factors that determine xCO,s varies seasonally.

The slope of linear regression between SST and xCO,s gets steeper in the region where SST <5 °C
because CO,-rich water is supplied from deeper waters by the western subarctic circulation and vertical
mixing.

In the Oyashio region and the region where SST < 16 °C, xCOys is very low and there is no clear
relationship between SST and xCO,s because phytoplankton blooms consume most of the CO, (green oval in
Fig. 3a).

Based on these observations, we divided the subarctic region into three smaller regions: the

northern subtropical region (SST > 16 °C; Region C), the southern subarctic region (5 °C < SST < 16 °C;
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Region B) and the northern subarctic region (SST < 5 °C; Region A). We produced regression equations for
each sub-region. Two equations are needed for the southern subarctic region to account for seasonal

differences between summer and other seasons. The equation for Region A (SST < 5 °C) is as follows:
xCO,s = 288.62 —14.21- T,y +1.40 - Yryy,  (£24.6) ().

The equation for Region B (Oct—Jun; 5 °C < SST < 16 °C) is as follows:

xCO,s=34542-3.10-T)y +1.40 - Yry, (£15.1) (8),

and for Jul-Sep (5 °C < SST < 16 °C) as follows:

xCO,s =358.73—1.85-T)y +1.40-Yryppy  (£21.2) ).

For Region C (SST > 16 °C), the equation is as follows:

xCO ,5=248.10 +9.86 - T)y —12.78 - S35 + 0.76 - Lon sy +1.40 - Yrypy (£15.1) (10),

where T, S33, Lonig and Yryg are defined as [SST — 10], [SSS — 33], [longitude (°E) — 160] and [year — 2000],
respectively.

It is also necessary to consider the biological activity in the regions off the Sanriku coast in Japan
and around the Aleutian Islands (Ono et al., 2004; Sarma et al., 2006; Chierici et al., 2009). Chierici et al.
(2009) reported that the use of log-transformed Chl-a data significantly improves the fit of the multiple
regressions for estimating pCOs.

We compared the logarithm of Chl-a with the residual error between estimated and observed
xCO,s (Fig. 4a—4c) and found negative linear relationships. We generated linear regression equations to

estimate the biological consumption of CO, (Bio) in each region.

Region A (SST < 5 °C): Bio=-55.11—48.47 - In[Chl - a] (+50.3) (11

Region B (Oct—Jun ; 5 °C < SST < 16 °C): Bio=—44.85-36.27 - In[Chl-a] ~ (+29.3) (12)

Region B (Jul-Sep ; 5 °C < SST < 16 °C): Bio=-42.99—30.34-In[Chl-a]  (+39.8) (13)

Negative values for Bio indicate that xCO,s is overestimated using SST and SSS and that CO, is
consumed by biological activity. For the regions west of 160°E or north of 50°N only, where there is high
biological activity, if Eq. 11-13 yield negative values for Bio, then the value for Bio is respectively added to
xCOss as estimated by Eq. 7-9. The introduction of the Bio term reduces the average bias of the estimates to

+10 ppm.
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Figure 4. Relationships between the residual error between estimated and observed xCO,s and the
logarithm of chlorophyll-a concentrations determined by remote sensing from satellite. (a) The
southern subarctic region within NP/A (summer: July—September), (b) the southern subarctic
region within NP/A (winter: October—June), (c) the northern subarctic region within NP/A, (d)
SST < 3°C region within SP/A (black, October—December; red, January—April). Lines and
shade areas are regression lines and 95% confidence intervals, respectively.

3.2.3.b. The South Pacific (SP/A)

The relationship between SST and xCO,s changes at SST = 16 °C in the western portion of the
South Pacific (140°E) and at SST = 10 °C in the east (70°W). This relationship is negative in the region of
lower SSTs (orange oval in Fig. 3e) and positive at higher SSTs (red oval in Fig. 3e). In the region where
SST < 3 °C, there is substantial biological consumption and no evident relationship between SST and xCO,s
when sea-ice melts in austral summer (green oval in Fig. 3e).

We divided the subantarctic South Pacific into three smaller regions using the following criteria:
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1. Because the rates of increase of xCO,s differ between the northern region (north of 55°S) and the
southern region (south of 55°S), as discussed in Section 3.1, the subantarctic South Pacific is divided
into two regions at 55°S.

2. The northern region is divided into two regions by a boundary SST (SST,q), defined as follows:
SST, , =16 % (longitude(°E) — 140°E) (14)

The part of the northern region where SST < 8§57}, is called the northern subantarctic region (M) and
where SST > SST,, is the southern subtropical region (L).

3. The southern region (south of 55°S) is called the southern subantarctic region (N).

The relationship between SSS and n-xCO,s is negative in the southern subtropical region. We produced
multiple regressions Eq. 15-17 to calculate xCO,s in the three regions using SST and SSS. For Region L
(north of 55°S and SST > SST\,4), the equation is as follows:

xCO,s =322.90+2.23-T—10.24 - Sy + 0.44 - Lon,gy +1.30 - Yy, (£14.3) (15),

for Region M (north of 55°S and SST < SSTna):
XCO,s =399.97 - 6.62-T+11.50- Sy, +1.30 - Yryyy, (£15.0) (16),

and for Region N (south of 55°S):
XCO,s =363.06—0.44-T+4.19- 5., +2.20- Yryy,, (£13.5) (17),

where Long is the longitude (°E) minus 180.

In the Antarctic region (SST < 3°C), we introduce the Bio term to express biological consumption
as in the subarctic region in the North Pacific. We produced two linear regression equations because the
intercept of the regression between the logarithm of Chl-a concentration and the residual error of xCO,s from
Eq. 17 changes between spring/early summer (October—December; black symbols in Fig. 4d) and late
summer/autumn (January—April; red symbols in Fig. 4d). In areas where Bio was negative, as estimated by

Eq. 18 and 19, it was added to xCO,s:
Region N (Oct—Dec), Bio=—-61.05—-43.94-1n[Chl-a] (£23.8) (18)

Region N (Jan—Apr), Bio =-87.56—-43.49-1n[Chl-a] (£32.0) (19)
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4. pCOss estimation and associated error
We estimated monthly pCOss in a 1° x 1° grid from 1985 through 2009 by using the grid data
described in Section 2 and the empirical equations introduced in Section 3. Data for Chl-a by remote sensing
have been available only since 1998. For pCO,s estimates before 1998 we used the climatological Chl-a,
which is the average of monthly remote sensing data sets from 1998 through 2009.
We generated time series of monthly pCO,s and pCO,a averaged in the five regions since 1985 (Fig.
5). The estimates for 25 years agree with observations very well in the five regions. For example, our method
adequately reproduced the drastic decrease in pCO,s in the equatorial region during 1997/1998 El Nifio. The
method also estimates pCO,s in subarctic regions where large seasonal variations in pCO,s occur because of

biological consumption and vertical mixing.

Figure 5.

Time series of pCO,s (solid lines,
estimated; circles, observed) and
pCOsa (broken line).

(a) NP/A (45°N-50°N, 150°E-160°E);
(b) NP/T (15°N-20°N, 130°E-140°E);
(c) EQ (5°S-EQ, 120°W-110°W); (d)
SP/T (20°S-15°S, 180°-170°W); and
(e) SP/A (65°S-60°S, 180°—170°W).
Regions (a)-(e) are shown in (f).
Error bars (pCO.s observations) and
shaded areas (pCO,s estimates)
show standard deviations (10).

We determined the annual mean bias and RMSE between pCO,s estimates and observations in
each region over 25 years. For error estimation in 2007 and 2008, we also used the latest LDEO Database
V2008 (Takahashi et al., 2009a). The mean biases in all regions are small, ranging from —10 to +10 patm
(Fig. 6). The RMSE in the subarctic regions and the equatorial region (approximately 30 patm) is relatively
larger than that in the subtropical regions (about 20 patm).

We used monthly mean SST, SSS and Chl-a data to estimate monthly pCO,s fields. These data sets

represent a different time-scale than observational data, which are instantaneous values. This difference in
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time-scale causes some error in pCO,s estimation.

The differences between estimates and observations in the subtropical and warm-pool regions are
smaller than those in the equatorial upwelling region and subarctic regions. This is because the estimation
errors in subtropical and equatorial warm-pool regions, where pCO,s varies mainly because of the
thermodynamic effect, are based almost entirely on SST data errors.

In the equatorial region, the boundaries between the upwelling region, the low salinity region and
the warm-pool region are determined by monthly SSS data, but these boundaries actually shift over shorter
time scales. This time lag in region division increases the estimation error in the equatorial region.

In the subpolar regions, monthly Chl-a fields are used for pCO,s estimation. pCO,s is very
sensitive to Chl-a levels, which vary widely over short time intervals. Furthermore, climatological Chl-a was

used for pCO,s estimates before 1998. These factors increase RMSE:s in the subpolar regions.

(a) pPCO,s annual mean bias

ﬁ"-"-"‘ —— 2
S

Mean Bias (natm)

1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008

Year

(b) pCO,s RMSE
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‘gg- O NPT
% A EQ
= X SPT
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Year
Figure 6. Annual mean biases (a) and annual RMSE (root mean square error) (b) between estimated
and observed pCOss in each region. Bias is defined as X(pCO,s [estimated] — pCO_s

[observed])/n, and RMSE is defined as VZ(pCO,s [estimated] — pCO,s [observed])/(n-1)
the number of data.

.nis
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5. Net sea-air CO, flux estimation

5.1. Computational method for estimating CO, flux
The net sea-air CO; flux (Fq, ) can be estimated using Eq. 18:

Feo, =K - ApCO, (18)

In this equation, K is the gas transfer coefficient and ApCO, is the difference in pCO, between sea and air
(=pCOss — pCOra). K is the product of the gas transfer velocity (k) and the solubility of CO, in seawater (L).
k is calculated by the method of Wanninkhof (1992), which uses monthly Uj, values. L is based on the
equation of Weiss (1974).

5.2. Seasonal average and variation of CO, flux

The 25-year mean monthly CO, flux maps for February, May, August and November show the
typical horizontal distribution of the CO, flux from 1985 to 2009 (Fig. 7). In the equatorial region, pCO,s is
larger than pCQOsa throughout the year, and this region is a major CO, source for the atmosphere. This is
because of the inorganic carbon supplied from the deeper oceanic layers through equatorial upwelling.

In the subtropical region, because biological CO, consumption is low and the mixed layer is
shallow, pCO,s varies with SST because of the thermodynamic effect. pCO,s is therefore the highest when
SST is the highest during summer in each hemisphere and CO, uptake in summer is less than in winter. In
the North Pacific, pCOss in the western region and the coastal region off California is higher than in the other
regions. The western region is affected by the Kuroshio and the coastal region off California is influenced by
subarctic seawater rich in carbon. The region east of Hawaii is located in the marginal zone between
subtropical warm water and subarctic cold water rich in carbon and nutrients; the subtropical water is cooled
by the subarctic water and carbon is consumed through biological activity. As a result, pCO,s in this region is
relatively low. However, pCO,s increases from west to east in the South Pacific. The coastal region off Peru
in particular is influenced by coastal upwelling and emits CO, to the atmosphere.

In the subpolar regions, pCO,s is the highest in winter because vertical mixing supplies carbon-rich
water from lower layers. In the region east of Japan and in the antarctic region, pCO,s decreases from spring
to summer when phytoplankton consumes COs.

The marginal zone between the subtropical and subarctic regions in the Pacific is a major CO; sink.
Because SST decreases and seasonal wind intensifies in winter, pCO,s decreases from the thermodynamic
effect and the gas transfer coefficient increases. As a result, CO, uptake is highest in winter.

Larger standard deviations of CO, flux are seen around the equatorial region and the boundary
between the subtropical and subpolar regions (Fig. 8). pCO,s in the equatorial region is affected by ENSO, as
mentioned in Section 4. The ENSO cycle affects pCO,s and wind patterns, causing variations in the CO, flux.
In the North Pacific boundary region, SST and SLP variations caused by the PDO are predominant. The PDO
could affect pCO,s or U (and the gas transfer velocity) through anomalies in SST and SLP.
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Figure 7. Monthly mean CO; flux maps for February, May, August and November. The color scale shows
the level of CO, source or sink.

Figure 8. Standard deviations of monthly CO, flux (mol m™ yr™') in February, May, August and
November.
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5.3. Time series of area-integrated CO, flux

We calculated the area-integrated monthly and annual CO, flux from 1985 through 2009 (Fig. 9).
In the equatorial region, CO, outgassing varies with ENSO. CO, emission decreases during El Nifio periods
(ENSO warm phase) and increases for La Nifia periods (ENSO cold phase). For the 1997/1998 El Nifio
period in particular, CO, emission was 70% of that during normal periods.

In contrast, seasonal variation predominates in the subtropical regions, and CO, uptake decreases
in summer and increases in winter. The amplitude of the variation in CO, flux is greater in the northern
hemisphere than in the southern. This reflects the larger seasonal SST amplitude and more severe winter
winds in the northern hemisphere.

As in the subtropical regions, there is seasonal variation in the subarctic region as well. Unlike the
subtropical regions, the CO, flux in the subarctic region is at a minimum in spring due to biological uptake
of CO,. There is seasonal variation in CO, flux in the subantarctic region, with a maximum uptake by the sea
in austral summer and a minimum uptake in austral winter. This is because the amount of inorganic carbon

supplied by vertical mixing is small and biological uptake increases in austral summer.

Figure 9. Time series of regional CO, flux (PgC yr™') for the Pacific Ocean. Lines and boxes show
monthly and annual CO, flux, respectively. Shading indicates ENSO events: dark grey,
El-Nifio; light grey, La-Nifia.
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5.4. Comparison with the climatological CO; flux

We compared the meridional distribution of the CO, flux in 2000 determined in this study with the
climatological CO, flux for the reference year 2000 as reported by Takahashi et al. (2009b) (Fig. 10). The
results of this study correspond qualitatively with the climatology. However in the equatorial region the flux

estimated in this study is double the climatological flux estimate.

o
n
(]

—0— This study
-4 - Climatology

o
3

o
-y
[4)]

o
—
o

Zgnal-integrated CO, flux (PgC yr')
o
o
4]

0.00 . x
- .
0.05 B
\\A Y
0.10 e
-0.15
60°S 40°8 20°S EQ 20°N 40°N 60°N

Latitude

Figure 10. Meridional distribution of the zonally-integrated CO, flux (PgC yr™") in 2000 from this study
(solid line) and the climatological CO; flux in the reference year 2000 from Takahashi et al.
(2009b) (dashed line).

Table 3 presents the Table 3. Comparison between the CO fluxes estimated in this
comparison between the flux study and the cIimatoIogica.I QOZ flux .in egch zongl
. . ) band. The gas transfer coefficient used in this study is
determined in this study and the from the equation of Wanninkhof (1992). Positive and
climatological flux estimate in negative CO, fluxes refer t.o sea-to-air or air-to-sea
transfers of CO,, respectively. The column “The

each zonal band. The absolute average values for 1985-2009” is the average and
values from this study are larger standard deviation of the annual mean CO, fluxes

) ) between 1985 and 2009.
than those of the climatology in all

zonal bands. In this study we used This study Takahashi et al .
different U), analysis data and a Zone In 2000} Average 19851'2009 (200%)1
. . P ] P ] PgC yr
different equation for the gas (PeCyr ) (PeCyr ) (PeCyr )
) N. of 50°N —0.06 —0.06+0.01 —-0.03
transfer coefficient than used for the | 4on_500n ~0.64 —0.70+0.05 0,50
climatology data. As a result, the gas  14°S-14°N +0.77 +0.62+0.10 +0.48
transfer coefficients in this study are _ 50°S-14°S —0.42 —0.46+0.08 —0.41

from about 1.5 to 2 times those of Sum —0.34 —0.59+0.14 046

the climatology.
Because a La Nifia event continued until the spring of 2000, the pCO,s values in this study, which
reflect the real-time oceanic conditions, are larger than the climatological pCO,s in the equatorial region (Fig.

11). The difference between the CO, flux estimates results from the difference in gas transfer coefficient and



TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.66 2012

the La Nifia event.

In the Pacific north of 50°S, the mean pCQ,s(This study) - pCO,s(Climatology)

flux from 1985 through 2009 estimated in this — N
120°E 150°E{ 16{:;'1&&}'*‘.\-'121&%1-.' _

study is —0.59 PgC yr’l; the flux estimate for 2000 . "

is —0.34 PgC yr ' and the climatological flux in
the reference year 2000 is —0.46 PgC yr'. The
estimated annual CO,; flux in 2000 from this study

is smaller uptake than the climatological estimate
because of the influence of La Nifia. The mean .
annual flux from this study is larger uptake than
the climatological flux estimate because of the
difference in the gas transfer coefficients.

The surface of the Pacific Ocean accounts
about 46% of the ocean surface worldwide.
However, the average CO, uptake in the Pacific as
estimated in this study is about 32% of the total
absorption by the Global Ocean (2.2 PgC yr'; s -30 -10 10 a0 50
IPCC, 2007). The proportional CO, uptake in Figure 11. Mean difference between the pCO,s values
the Pacific Ocean is smaller than the in 2000 estimated in this study and the
climatological pCO,s values (Takahashi et
al., 2009b). The difference is defined as the

equatorial region, which is the area of greatest value from this study minus the
climatological value.

proportional area because of the Pacific

CO, release in the world.

5.5. Effects of gas transfer coefficient equations on CO, flux

We used the formula of Wanninkhof (1992; hereafter “W92”) to estimate CO, flux. In other recent
studies, other formulas have been proposed, such as those of Nightingale et al. (2000; hereafter “N00”) and
Sweeney et al. (2007; hereafter “S07”). We compared the CO, fluxes estimated using gas transfer
coefficients calculated using these three formulas. The results of this comparison are summarized in Table 4.
Absolute value of annual mean CO, flux estimates based on NOO using JRA25/JCDAS wind speed fields
were the lowest and those using W92 were the highest. In each region, the difference between gas transfer
coefficients is 15-20%. This difference is comparable to the uncertainty in the gas transfer coefficients of
about 30% (Sweeney et al., 2007).

5.6. Effect of wind speed on CO; flux

To calculate gas transfer coefficients we used not only the wind velocity fields from
JRA25/JCDAS but also those from National Centers for Environmental Prediction / National Center for
Atmospheric Research (NCEP/NCAR) Reanalysis 1 (Kalnay et al., 1996; hereinafter CDAS1) and from a
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cross-calibrated, multi-platform (CCMP), multi-instrument ocean surface wind velocity data set (Ardizzone
et al., 2009). We used SLP fields from JRA25/JCDAS because the mean SLP difference between
JRA25/JCDAS and CDASI is about 1 hPa and this results in a difference in pCO,s of only 0.1% (0.4 patm).
The effect of the SLP difference is less than the pCO,s estimation error of =10 to +10 patm.

In Table 4, we summarize the annual regional CO, flux as estimated using three different types of
Uy data. Except for the equatorial region (14°S—14°N), the CO, flux estimates agree with each other. In the
equatorial region, CO, emission based on CDASI is the smallest among the three wind velocity fields. For
example, the difference in CO, flux estimates based on the JRA25/JCDAS and CDAS1 Uy, fields using the
W92 equation is about 20% (0.12 PgC yr "). This is because the U;y of CDAS1 is 10% weaker than that of
JRA25/JCDAS due to the differences of models and assimilated datasets. When the gap between U, values
is 10%, that between gas transfer coefficients accounts for about 20% of the difference because the gas
transfer coefficient is proportional to the square of Uj,. For the entire Pacific Ocean, estimates using
JRA25/JCDAS show lower CO, uptake than those using CDAS1 because of higher CO, emission in the

equatorial region.

Table 4. Comparison of different estimates of the CO, flux (PgC yr™") for each zonal band using
equations for gas transfer coefficients from three sources — Wanninkhof (1992; W92),
Nightingale et al. (2000; NOO) and Sweeney et al. (2007; S07) — and U10 fields from
JRA25/JCDAS, NCEP/NCAR Reanalysis I, and a cross-calibrated, multi-platform (CCMP)
dataset. Values for CO, flux are means and standard deviations from 1985 through 2009
(1990-2009 for CCMP).

Gas transfer

. JRA25/JCDAS CDASI CCMP Clim
velocity

N. of 50N w92 -0.06 + 0.01 -0.07 + 0.01 -0.06 + 0.01
NOO -0.05 + 0.01 -0.05 + 0.01 -0.05 + 0.01 -0.03
S07 -0.05 + 0.01 -0.06 + 0.01 -0.05 + 0.0l

14N-50N w92 -0.70 + 0.05 -0.70 + 0.04 -0.75 £ 0.05
NOO -0.51 + 0.03 -0.51 £ 0.03 -0.53 £+ 0.03 -0.50
S07 -0.56 + 0.03 -0.56 = 0.03 -0.55 + 0.03

14S-14N W92 0.62 £ 0.10 0.50 = 0.07 0.68 = 0.09
NOO 0.44 + 0.06 0.37 £ 0.05 048 = 0.06 0.48
S07 0.45 =+ 0.07 0.37 £ 0.05 0.46 = 0.06

50S-14S W92 -0.46 + 0.08 -0.48 + 0.07 -0.52 + 0.07
N00 -0.34 £ 0.05 -0.35 + 0.05 -0.37 £ 0.05 -0.41
S07 -0.37 + 0.06 -0.38 + 0.05 -0.39 + 0.05

S. of 50S W92 -0.11 + 0.04 -0.10 = 0.03 -0.09 + 0.02
NOO -0.08 + 0.03 -0.07 £ 0.03 -0.06 + 0.02 -
S07 -0.09 + 0.04 -0.08 + 0.03 -0.07 £ 0.02

Pacific W92 -0.70 + 0.14 -0.84 + 0.11 -0.74 £+ 0.14
NOO -0.53 + 0.10 -0.62 £ 0.08 -0.54 £ 0.10 -
S07 -0.62 + 0.10 -0.71 £ 0.09 -0.59 £ 0.10
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6. Summary and conclusions

We developed an empirical method to estimate monthly pCO,s and sea-air CO, flux over the
Pacific since 1985 using the LDEO database V1.0 (Takahashi et al., 2008) of global pCO,s observations.
First, we determined the long-term trend of pCO,s. Second, we analyzed regional and seasonal variations of
pCO,s. We divided the Pacific Ocean into 14 regions and derived multiple regression equations for
estimating monthly pCQO,s for each region incorporating data for SST, SSS and Chl-a. Previously it had been
difficult to reproduce pCO»s in the subpolar regions where there are spring blooms and high net biological
consumption of inorganic carbon, but the bias in the estimates was significantly reduced by including Chl-a
data in the analysis. Mean bias of estimated pCO,s in each region ranged from —10 to +10 patm.

The estimated mean annual CO, flux in the Pacific Ocean is —0.70 + 0.14 PgC yr ' (negative value
indicates uptake by the ocean) for the period from 1985 to 2009. The CO, flux varies seasonally and
inter-annually. While there is CO, emission throughout the year in the equatorial region, there is strong CO,
uptake along the mid-latitudes in winter. We found that CO, flux in the equatorial region varies largely with
ENSO. In particular, the CO, emission decreased by 0.2 PgC yr' during the 1997/1998 El Nino event. The
region included in this study is about 46% of the global ocean. To further understand the global carbon cycle,
it will be necessary to investigate whether the empirical method developed in this study can be applied to the
Atlantic and Indian oceans to expand the region of CO, flux estimation.

There is a significant uncertainty remaining in the CO, flux estimates. The different gas transfer
coefficient equations used in this study resulted in differences of 15% to 20% in estimated fluxes. The CO,
emission in the equatorial region, when evaluated using the wind-speed product from the JRA25/JCDAS
reanalysis, is about 0.12 PgC yr™' (20%) higher than that estimated using CDAS1. The CO, flux estimates in
the other regions are consistent between reanalysis data sets.

To reduce the uncertainty in CO, flux estimates, it will be necessary to continue investigations into
better wind-speed analysis and gas transfer coefficients. There are plans to update the global pCO,s database
annually with the accumulated pCQO,s observation data. Therefore, there should be a continuous review of
the equations and the regional divisions used for pCO,s estimation to reduce uncertainties where the data are
sparse. It is important to use observations to monitor inter-annual variations and long-term trends of pCOps.

Furthermore, it is important to compare CO, flux as estimated using other approaches such as
atmospheric CO, inversion, forward ocean carbon cycle modeling, and ocean carbon inversion.
Discrepancies in the estimates from these methods must be reduced to better understand the carbon cycle and

to improve projections of global warming.
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Appendix

Table A1. Abbreviations

Abbreviation Meaning

CO, Carbon dioxide

xCOss CO; concentration in surface seawater (ppm)
pCOss CO; partial pressure in surface seawater (patm)
n-xCOzs xCO,s normalized to 10 °C (ppm)

pCO»a CO; partial pressure in the air (patm)

SST Sea surface temperature (°C)

SSS Sea surface salinity

SLP Sea-level pressure (hPa)

Uio Wind speed at 10 m above sea level

Chl-a Concentration of chlorophyll-a (mg m”)

ENSO El Nifio/Southern Oscillation

PDO Pacific Decadal Oscillation

NP/A Subarctic region of the North Pacific (35°N-60°N)
NP/T Subtropical region of the North Pacific (6°N-34°N)
EQ Equatorial region of the Pacific (10°S—5°N)

SP/T Subtropical region of the South Pacific (34°S—11°S)
SP/A Subantarctic region of the South Pacific (75°S—-35°S)
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Ny 7 7T 0 RREGHROMEED T MERBUR TS Y b JEgE, 1978)
Development of Monitoring Techniques for Global Background Air Pollution. (MRI Special Research Group on Global
Atmospheric Pollution, 1978)
R KL O MR B NS HBRRE OFRAATTE (IR LAFZESS, 1979)
Investigation of Ground Movement and Geothermal State of Main Active Volcanoes in Japan. (Seismology and
Volcanology Research Division, 1979)
FUBAIFTE - FEHD T e SR BN SkEs e (EFFRED - Rz - P % - Mgt 18, 1979)
On the Meteorological Tower and Its Observational System at Tsukuba Science City. (T. Hanafusa, T. Fujitani, N. Banno,
and H. Uozu, 1979)
TR H B S 2 7 Lo BiFE (MERAKILBFSERS, 1980)
Permanent Ocean — Bottom Seismograph Observation System. (Seismology and Volcanology Research Division, 1980)
A A IR —400m (1% 500m) & 1,000m & — (1934 —1943 4 K (8 1954—1980 4F)  (HEFERIFFEEE,
1981)
Horizontal Distribution of Temperature in 400m (or 500m) and 1,000m Depth in Sea South of Honshu, Japan and Western
—North Pacific Ocean from 1934 to 1943 and from 1954 to 1980. (Oceanographical Research Division, 1981)
R JEE A DOREIZ D723 D KKK B OSRA H S OBl (5 @ BEAFZEE8,  1982)
Observations of the Atmospheric Constituents Related to the Stratospheric ozon Depletion and the Ultraviolet Radiation.
(Upper Atmosphere Physics Research Division, 1982)
83 FUSRFRATOBATE (HUIFRA LAFZERE, 1983)
Strong—Motion Seismograph Model 83 for the Japan Meteorological Agency Network. (Seismology and Volcanology
Research Division, 1983)
REHNZEB T 2 FR OB BT D098 (WELRRATIER, 1984)
The Study of Melting of Snowflakes in the Atmosphere. (Physical Meteorology Research Division, 1984)
AENRTIRT B 5 I d 1T 2V /KB (MR K I LAJFFEER - VREDFZEER, 1984)
Bottom Pressure Observation South off Omaezaki, Central Honsyu. (Seismology and Volcanology Research Division and
Oceanographical Research Division, 1984)
HAMEOIRRIEOREEE (FHRMFFEET, 1984)
Statistics on Cyclones around Japan. (Forecast Research Division, 1984)
SR & RRIGRE O B 20178 S HKRIIERS, 1984)
Observations and Numerical Experiments on Local Circulation and Medium —Range Transport of Air Pollutions.
(Applied Meteorology Research Division, 1984)
KUTEEEEHFIEIC B 20178 (MR K IUBFZEES, 1984)
Investigation on the Techniques for Volcanic Activity Surveillance. (Seismology and Volcanology Research Division,
1984)
KGR REARIEERET /L — 1 (MRI- GCM— 1) (F#IFTEE, 1984)
A Description of the MRI Atmospheric General Circulation Model (The MRI + GCM — 1). (Forecast Research Division,
1984)
BEOREEDZAL L IR DHFE— B 7916 O—4E— (HEATFEES, 1985)
A Study on the Changes of the Three - Dimensional Structure and the Movement Speed of the Typhoon through its Life
Time. (Typhoon Research Division, 1985)
PHRHMER T 7 /L MRI & MRI— 1T OFA A ELEERIFZE — RHERERIXEE —  (HEEXIRATIEES,  1985)
An Intercomparison Study between the Wave Models MRI and MRI — I — A Compilation of Results —
(Oceanographical Research Division, 1985)
RPN B3 2 BRI K OBERm AR e (MR K LAJFFEEs,  1985)
Study on Earthquake Prediction by Geophysical Method. (Seismology and Volcanology Research Division, 1985)
JeHeERkH | A A KGRR AR (FET7EEs, 1986)
Maps of Monthly Mean Surface Temperature Anomalies over the Northern Hemisphere for 1891 —1981. (Forecast
Research Division, 1986)
TIERRDWZE (B @ EFIEES « R EEMTIEE « THRITZEEs - HREBIET, 1986)
Studies of the Middle Atmosphere. (Upper Atmosphere Physics Research Division, Meteorological Satellite Research
Division, Forecast Research Division, MRI and the Magnetic Observatory, 1986)

Ry 77— —FIZL DKL - RO KEEZVIEE - B RBFFEE - TMUTTEE - 16 HKSI5EES - i
FERTIEHRD,  1986)
Studies on Meteorological and Sea Surface Phenomena by Doppler Radar. (Meteorological Satellite Research Division,
Typhoon Research Division, Forecast Research Division, Applied Meteorology Research Division, and Oceanographical
Research Division, 1986)
KRG TR R SRIEERET /L (MRL- GCM— 1) 282 12 M3 0fEsr (THIFTEE, 1986)
Mean Statistics of the Tropospheric MRI + GCM — I based on 12— year Integration. (Forecast Research Division, 1986)
FHHR P TR 1983—1986 (FEJEMERMIFESS, 1987)
Multi — Directional Cosmic Ray Meson Intensity 1983 —1986. (Upper Atmosphere Physics Research Division, 1987)
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Study on Analysis of Volcanic Eruptions based on Eruption Cloud Image Data obtained by the Geostationary
Meteorological satellite (GMS). (Seismology and Volcanology Research Division, 1987)

FAR—> 7 WS (IR & i - DUEESTT, 1988)

Marine Climatological Atlas of the sea of Okhotsk. (Y. Shinohara and N. Shikama, 1988)
MHERIEER T T L& -T2 B DS I B3 2 AR OIS S8R GREFEATZERS,  1989)

Response Experiment of Pacific Ocean to Anomalous Wind Stress with Ocean General Circulation Model.
(Oceanographical Research Division, 1989)

KRS DUFERE R O FRF A0 (EERTER, 1989)

Seasonal Mean Distribution of Sea Properties in the Pacific. (Oceanographical Research Division, 1989)
HERATIKH G DT — 2 ~—2Z (MR LBFJERS, 1990)

Database of Earthquake Precursors. (Seismology and Volcanology Research Division, 1990)

FRHRHL T 231 DHERII DMK S 2T L ORI (BEBFZER, 1991)

Characteristics of Precipitation Systems During the Baiu Season in the Okinawa Area. (Typhoon Research Division, 1991)
RGWIIERT « FHOTTEE CHRJE S 2 FERRIEET L (FEJISeBL - FHEFnkE, 1991)

Description of a Nonhydrostatic Model Developed at the Forecast Research Department of the MRIL. (M. Ikawa and K.
Saito, 1991)

E OSBRI BT DA BIFTE (KRBERFIEED « MBI - IS ERIITEED - KGR - Bl 2T &
WFFERR - BEWFFERS, 1992)

A Synthetic Study on Cloud—Radiation Processes. (Climate Research Department, Physical Meteorology Research
Department, Applied Meteorology Research Department, Meteorological Satellite and Observation System Research
Department, and Typhoon Research Department, 1992)

KK LT« R L DT L= T 20178 (= LER - HEREZ - HTF 7% - WiFR, 1992)
Studies of Energy Exchange Processes between the Ocean— Ground Surface and Atmosphere. (M. Mikami, M. Endoh, H.
Niino, and K. Yamazaki, 1992)

ek H OHIBUEEE ) & I T H AR D ZEIHER — 30 4R [H D H BRK B RHT B <Htdt— (BKIIZE7-, 1993)
Seasonal Transition in Japan, as Revealed by Appearance Frequency of Precipitating-Days. — Statistics of Daily
Precipitation Data During 30 Years —(T. Akiyama, 1993)

B MR AN BT 2 BIIEOATSE (R ILATFZEES,  1994)

Observational Study on the Prediction of Disastrous Intraplate Earthquakes. (Seismology and Volcanology Research
Department, 1994)

B GBIAIR T X5 el Blll (KRG - Bl AT AHFJERS, 1994)

Intercomparisons of Meteorological Observation Instruments. (Meteorological Satellite and Observation System Research
Department, 1994)
it SERR b O RIS T T A L /T U7 Mk~ A OSSR, 1995)

The Long—Range Transport Model of Sulfur Oxides and Its Application to the East Asian Region. (Applied Meteorology
Research Department, 1995)

VA Y RTuT 7 A 7L L HREOBIIEOMTE (KERHEE - Bl 2T LFFEE, 1995)

Studies on Wind Profiler Techniques for the Measurements of Winds. (Meteorological Satellite and Observation System
Research Department, 1995)

7K « & T B D N THUENMAZTE O 53 AT R OV O HIER L 2 HOIFSE (HUBRAEFFEER,  1996)

Geochemical Studies and Analytical Methods of Anthropogenic Radionuclides in Fallout Samples. (Geochemical
Research Department, 1996)

KK WHEOHERALFHIFITE (1995 4 TN 1996 4F)  (HEER{L AHFFE,  1998)

Geochemical Study of the Atmosphere and Ocean in 1995 and 1996. (Geochemical Research Department, 1998)
FRIE 2 YOTIERUERIE (@ATHE, 1999)

Vertically 2-dmensional Nonlinear Problem (H. Kanehisa, 1999)

FBU T MEAITOWIZE (FHRAFZEE, 2000)

Study on the Objective Forecasting Techniques (Forecast Research Department, 2000)

A B RHIER L 35 1T 2 16 7055 & MRS B TN BE 9~ D A58 (MuER LB JEES,  2000)

Study on Stress Field and Forecast of Seismic Activity in the Kanto Region (Seismology and Volcanology Research
Department, 2000)

R VR & D WK WP DA R IRYR L D ks BE A3 AT 36 L OV D R KR 38 & /K P DA R IR D B SR R 3R
FINCAEEORE  CHHHEDS » F)IASE - Fnki5Fa,  2000)

Coulometric Precise Analysis of Total Inorganic Carbon in Seawater and Measurements of Radiocarbon for the Carbon
Dioxide in the Atmosphere and for the Total Inorganic Carbon in Seawater (I.Masao, H.Y.Inoue and H.Matsueda, 2000)
KRGMITERT BT B — I e 7 v GRRRRnlE - I - kP AE - =IFHH L, 2001)
Documentation of the Meteorological Research Institute / Numerical Prediction Division Unified Nonhydrostatic Model
(Kazuo Saito, Teruyuki Kato, Hisaki Eito and Chiashi Muroi, 2001)
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filesr. (Rpfcbies - JF B(HIINASE, 2004)

Precise measurements of atmospheric and oceanic chlorofluorocarbons and MRI chlorofluorocarbons calibration scale
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Documentation of "PLOTPS": Outputting Tools for PostScript Code (Teruyuki Kato, 2004)

KRBT B VR GFEFTIC 81T 2 R bRk FEORE MBI A SN HET A D R 7 —)v & 2 OREMWO T
(BT DR - WP (ReBTE R - ZH — A - WURAEE 7 - FERALET - B REST - PRHETE - 3R 2 - MO
& B ARATZE - RIFHH - FHHHER] - STE - (A 6 - ARTHH - SREIER - fulH 52, 2004)
Re-evaluation for scale and stability of CO, standard gases used as long-term observations at the Japan Meteorological
Agency and the Meteorological Research Institute (Hidekazu Matsueda, Kazuto Suda, Sakiko Nishioka, Toshirou Hirano,
Yousuke, Sawa, Kazuhiro Tuboi, Tsutumi, Hitomi Kamiya, Kazuhiro Nemoto, Hideki Nagai, Masashi Yoshida, Sonoki
Iwano, Osamu Yamamoto, Hideaki Morishita, Kamata, Akira Wada, 2004)
MBI AR OFEMRET U > 72 X 2 IR A OHEE G RSB 20050 (HUE X LBFSEES, 2005)

A Study to Improve Accuracy of Forecasting the Tokai Earthquake by Modeling the Generation Processes (Seismology
and Volcanology Research Department, 2005)

REMFFEHT LIRS €7 /L (MRLCOM) figdit (MEEMFZEHES, 2005)

Meteorological Research Institute Community Ocean Model (MRL.COM) Manual (Oceanographical Research Department,
2005)

H AR T E O RS & N T FTREMEIC B9 2098 (BRI RAIJEED « FHRAFSEHED, 2005)

Study of Precipitation Mechanisms in Snow Clouds over the Sea of Japan and Feasibility of Their Modification by
Seeding (Physical Meteorology Research Department, Forecast Research Department, 2005)
2004 = HA EReRROBEE L85 (B EBFILE, 2006)

Summary of Landfalling Typhoons in Japan, 2004 (Typhoon Research Department, 2006)

SRASHLIE PRV KA AR ME 0D 2003 AR [EIRRIL R KBRS (FLHER, 2006)

2003 Intercomparison Exercise for Reference Material for Nutrients in Seawater in a Seawater Matrix (Michio Aoyama,
2006)

KEH L OMEAR T ORI 7 v LRiEE(SF) DMEFIED AL & SFe ATRUET 2 O RIZEVEDFHL  (Reikhse
Z. AR, FRE F. )&, 2007)

Highly developed precise analysis of atmospheric and oceanic sulfur hexafluoride (SFs) and evaluation of SFg standard
gas stability (Takayuki Tokieda, Masao Ishii, Shu Saito and Takashi Midorikawa, 2007)

HERIRBEALIT & 5 B AbH S O KEZBICET 2898 (IIBE XA R, BRE - N KRS8, 2008)

Study of Climate Change over Tohoku District due to Global Warming (Sendai District Meteorological Observatory,
Atmospheric Environment and Applied Meteorology Research Department, 2008)
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Studies on Evaluation Method of Volcanic Activity (Seismology and Volcanology Research Department, 2008)
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Sartorius, Clemens Schlosser, Wolfgang Weiss, 2008)

Establishment of a cold charcoal trap-gas chromatography-gas counting system for **Kr measurements in Japan and results
from 1995 to 2006 (Michio Aoyama, Kenji Fujii, Katsumi Hirose, Yasuhito Igarashi, Keisuke Isogai, Wataru Nitta,
Hartmut Sartorius, Clemens Schlosser, Wolfgang Weiss, 2008)

RUREIC L 2 4 FEOWHEFHBLIE Lot (REpfeth, fAilky 5, UEETT, 2008)

Comparison of Data from Four Current Meters Obtained by Long-Term Deep-Sea Moorings (Toshiya Nakano, Hiroshi
Ishizaki and Nobuyuki Shikama, 2008)

CMIP3 ¥ VFETNT T VAR &R LT FEROMGE KR, « WK AMOHEE OKHE 55, RIS, 174K
Ak, A B, 2008)

Estimation of the Future Distribution of Sea Surface Temperature and Sea Ice Using the CMIP3 Multi-model Ensemble
Mean (Ryo Mizuta, Yukimasa Adachi, Seiji Yukimoto and Shoji Kusunoki, 2008)

PHIRE 1 0> 7 vt —k L 2 IO T2 53 SO v B B AT (8 & D WK D SRS S pHe IE (G 75, AOFAED, fok
JI &, B GEID ASE, 2008)

Precise Spectrophotometric Measurement of Seawater pHr with an Automated Apparatus using a Flow Cell in a Closed
Circuit (Shu Saito, Masao Ishii, Takashi Midorikawa and Hisayuki Y. Inoue, 2008)
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S. C. Coverly, E. Czobik, 1. Dahll6f, M. Dai, G. O Donnell, C. Engelke, Gwo-Ching Gong, Gi-Hoon Hong, D. J. Hydes,
Ming-Ming Jin, % /6)AHE, R. Kerouel, JEAZ 1, M. Knockaert, N. Kress, K. A. Krogslund, A IEYE, S. Leterme,
Yarong Li, ¥§HER, =& 2, T. Moutin, #HE 2, KHEAH, G Nausch, A. Nybakk, M. K. Ngirchechol, /[N)113 52,
J. van Ooijen, AXHHZ5H0, J. Pan, C. Payne, O. Pierre-Duplessix, M. Pujo-Pay, T. Raabe, 75—, V& —EL, C.
Schmidt, M. Schuett, T. M. Shammon, J. Sun, T. Tanhua, L. White, E.M.S. Woodward, P. Worsfold, P. Yeats, 54t %%, A.
Youénou, Jia-Zhong Zhang, 2008)

2006 Inter-laboratory Comparison Study for Reference Material for Nutrients in Seawater (M. Aoyama, J. Barwell-Clarke,
S. Becker, M. Blum, Braga E. S., S. C. Coverly, E. Czobik, I. Dahlléf, M. H. Dai, G. O. Donnell, C. Engelke, G. C. Gong,
Gi-Hoon Hong, D. J. Hydes, M. M. Jin, H. Kasai, R. Kerouel, Y. Kiyomono, M. Knockaert, N. Kress, K. A. Krogslund, M.
Kumagai, S. Leterme, Yarong Li, S. Masuda, T. Miyao, T. Moutin, A. Murata, N. Nagai, G. Nausch, M. K. Ngirchechol, A.
Nybakk, H. Ogawa, J. van Ooijen, H. Ota, J. M. Pan, C. Payne, O. Pierre-Duplessix, M. Pujo-Pay, T. Raabe, K. Saito, K.
Sato, C. Schmidt, M. Schuett, T. M. Shammon, J. Sun, T. Tanhua, L. White, E.M.S. Woodward, P. Worsfold, P. Yeats, T.
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Reference manual for the Meteorological Research Institute Community Ocean Model (MRI.COM) Version 3 (Hiroyuki
Tsujino, Tatsuo Motoi, Ichiro Ishikawa, Mikitoshi Hirabara, Hideyuki Nakano, Goro Yamanaka, Tamaki Yasuda, and
Hiroshi Ishizaki (Oceanographic Research Department), 2010)
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Baurand, Susan Becker, Marguerite Blum, Stephen C. Coverly, Edward Czobik, Florence D’ amico, Ingela Dahllsf,
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Sophie C. Leterme, Claire Mahaffey, ¢, Pascal Morin, Thierry Moutin, Dominique Munaron, # FH& =, Giinther
Nausch, /[NI1#& 5, Jan van Ooijen, Jianming Pan, Georges Paradis, Chris Payne, Olivier Pierre-Duplessix, Gary Prove,
Patrick Raimbault, Malcolm Rose, 7 E—it, ABEZH], /R —HRR, Cristopher Schmidt, Monika Schiitt, Theresa M.
Shammon, Solveig Olafsdottir, Jun Sun, Toste Tanhua, Sieglinde Weigelt-Krenz, Linda White, E. Malcolm. S. Woodward,
Paul Worsfold, 75#1%%, Agnés Youénou, Jia-Zhong Zhang, 2010)
2008 Inter-laboratory Comparison Study of a Reference Material for Nutrients in Seawater (7 [117&K, Carol Anstey, Janet
Barwell-Clarke, Frangois Baurand, Susan Becker, Marguerite Blum, Stephen C. Coverly, Edward Czobik, Florence D’
amico, Ingela Dahlléf, Minhan Dai, Judy Dobson, Magali Duval, Clemens Engelke, Gwo-Ching Gong, Olivier Grosso, -
(B, - Liak, 7 AkE=, David J. Hydes, %5 V4 /)iifF, Roger Kerouel, Marc Knockaert, Nurit Kress, Katherine A.
Krogslund, REA*1EY, Sophie C. Leterme, Claire Mahaffey, > ¥J, Pascal Morin, Thierry Moutin, Dominique Munaron,
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Studies on formation process of line-shaped rainfall systems and predictability of rainfall intensity and moving speed
(Osaka District Meteorological Observatory, Hikone Local Meteorological Observatory, Kyoto Local Meteorological
Observatory, Nara Local Meteorological Observatory, Wakayama Local Meteorological Observatory, Kobe Marine
Observatory, Matsue Local Meteorological Observatory, Tottori Local Meteorological Observatory, Maizuru Marine
Observatory, Hiroshima Local Meteorological Observatory, Tokushima Local Meteorological Observatory AND Forecast
Research Department, 2010)
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WWRP Beijing Olympics 2008 Forecast Demonstration/Research and Development Project (BOSFDP/RDP) (Kazuo Saito,
Masaru Kunii, Masahiro Hara, Hiromu Seko, Tabito Hara, Munehiko Yamaguchi, Takemasa Miyoshi and Wai-kin Wong,
2010)
FHEHE O TR EE ) B R OB Mg - RV R o5 AR MERIRAR OMFFE (MiZR K LF5EEE, 2011)
Improvement in prediction accuracy for the Tokai earthquake and research of the preparation process of the Tonankai and
the Nankai earthquakes (Seismology and Volcanology Research Department, 2011)
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Meteorological Research Institute-Earth System Model Version 1 (MRI-ESM1) — Model Description — (Seiji Yukimoto,
Hiromasa Yoshimura, Masahiro Hosaka, Tomonori Sakami, Hiroyuki Tsujino, Mikitoshi Hirabara, Taichu Y. Tanaka,
Makoto Deushi, Atsushi Obata, Hideyuki Nakano, Yukimasa Adachi, Eiki Shindo, Shoukichi Yabu, Tomoaki Ose and Akio
Kitoh, 2011)
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Krushna Chandra Gouda, 2011)
International Research for Prevention and Mitigation of Meteorological Disasters in Southeast Asia (Kazuo Saito, Tohru
Kuroda, Syugo Hayashi, Hiromu Seko, Masaru Kunii, Yoshinori Shoji, Mitsuru Ueno, Takuya Kawabata, Shigeo Yoden,
Shigenori Otsuka, Nurjanna Joko Trilaksono, Tieh-Yong Koh, Syunya Koseki, Le Duc, Kieu Thi Xin, Wai-Kin Wong and
Krushna Chandra Gouda, 2011)
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