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(3)  (6'°C+-9%0, &180+—13% (LI6252, VIAS00R VIA510R) (NIES09, MRI1987,TU2010, WMO X2007)
iceGGO-4 (CO) 2 250 & 350 ppb CO GC/HgO, GC/FID, VURF  JMAMRINIES, TUNMIJ

(2) (NIES09, MRI, TU2010, WMO X2004)
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(1) (AIST, MRI2014, NIES96, TU2006, WMOX2006A)
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(a) NOAA-ICP (CO) (b) NOAA-ICP (CH)
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(a) NOAA-ICP (CO) (b) NOAA-ICP (CH)
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Abstract

The Office for Coordination of Climate Change Observation in Japan has established a
national alliance of the laboratories of seven organizations: the Japan Meteorological
Agency, the Tohoku University, the National Institute for Environmental Studies, the
National Institute of Advanced Industrial Science and Technology, the National Institute of
Polar Research, the Meteorological Research Institute, and the National Metrology Institute
of Japan. The mission of the alliance is to compare the standard gas scales used for
measurements of atmospheric greenhouse gases (GHGs). Within the framework of this
alliance, a working group committee (Chair: T. Nakazawa from Tohoku University) has
organized and initiated a plan: InterComparison Experiments for Greenhouse Gases
Observation (iceGGO). The purpose of the iceGGO is to examine the differences between
the GHG standard gas scales used for atmospheric observations as well as to evaluate the
consistency of the scales with the International System of Units traceable standard gases
prepared by the gravimetric method of the National Metrology Institute of Japan. The
iceGGO program performed six round-robin experiments for carbon dioxide (COy),
methane (CHs), carbon monoxide (CO), and nitrous oxide (N2O) during the period 2012-
2016. An additional iceGGO experiment was also carried out using round-robin cylinders
provided by the National Oceanic and Atmospheric Administration. Details of experimental
methods and results for all experiments are reported herein. Throughout the seven
experiments, the iceGGO program was successful in precisely determining the differences
between the GHG standard gas scales. This report provides information that will facilitate
combining atmospheric GHG measurements made by different Japanese laboratories into
an integrated observation database based on a common standard gas scale consistent with
the compatibility criteria recommended by the World Meteorological Organization.
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1. Introduction

Carbon dioxide (CO.) and other greenhouse gases (GHGS) in the atmosphere have
been increasing since the beginning of the industrial age due to the rapid growth of human
activities. There is now sufficient scientific evidence to show that this increase in
atmospheric GHGs is the main cause of the observed global warming and changes in
climate. How well we can predict the future state of the earth therefore depends very much
on how well we understand the global cycle of GHGs. The major approach of this study has
been to examine the detailed temporal and spatial variations of the concentrations of GHGs
in the atmosphere.

Monitoring of the atmospheric burden of CO. was initiated at Mauna Loa on
Hawaii and at the South Pole on Antarctica more than half a century ago. Since then, the
observing system has been expanded to include other GHGs and many sites worldwide
(e.g., WMO, 2016a). Estimating sources and sinks with various top-down inverse
calculation methodologies is an essential use of the observation data, and for that purpose,
measurements made by different laboratories must be combined into an integrated
measurement database to expand spatial and temporal coverage. A fundamental
requirement for the GHG observations is careful and continuous calibration of measuring
devices, including intercomparisons of calibration scales among different laboratories.

To compare the standard gas scales used for measurements of GHGs in Japan, the
Office for Coordination of Climate Change Observation (OCCCO) established a national

alliance with six observation laboratories of the Japan Meteorological Agency (JMA),
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Tohoku University (TU), National Institute for Environmental Studies (NIES), National
Institute of Advanced Industrial Science and Technology (AIST), National Institute of Polar
Research (NIPR), and the Meteorological Research Institute (MRI). The National
Metrology Institute of Japan (NMIJ), which is part of the AIST, also participated this
alliance under the collaboration with two international organizations, the World
Meteorological Organization (WMO) and le Comité International des Poids et Mesures
(CIPM). Within the framework of this alliance, a working group committee (Chair: T.
Nakazawa from TU) was organized in 2012 and has initiated a program designated
InterComparison Experiments for Greenhouse Gases Observation (iceGGQO). The purpose
of the iceGGO is to compare the standard gas scales used by observation laboratories as
well as to evaluate their consistency with the International System of Units (SI) traceable
standard gases. For this purpose, the NMIJ prepared standard gases with a gravimetric
method according to ISO 6142:2001; the concentrations of the standard gases are calculated
from the weight of the filled gases, the concentrations of the components in the filled gases,
and the molar masses of the components. The uncertainties of the fractions computed with
the gravimetric method are calculated based on propagation of uncertainty.

Six round-robin experiments for CO2, methane (CHa), carbon monoxide (CO), and
nitrous oxide (N20) were performed for the iceGGO program during 2012-2016. An
additional intercomparison experiment was made using round-robin cylinders provided by
Dr. Paul Novelli of the National Oceanic and Atmospheric Administration (NOAA)
(Novelli, 2016). Details of the experimental methods and results for all experiments are

reported here, although some of them have been published elsewhere (Takahashi et al.,
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2013, 2014; Kawasaki et al, 2016; Tsuboi et al., 2016). More information about analytical
method is available on referring to publications of TU (Tanaka et al., 1983; Aoki et al.,
1992; Machida et al., 1995; Yashiro et al., 2009), AIST (Aoki et al., 1992; Murayama et al.,
2003; Murayama et al., 2010), NIES (Machida et al., 2008; Machida et al., 2011,
Katsumata et al., 2011), JMA (Matsueda et al., 2004a; Matsueda et al., 2004b; Tsuboi et al.,
2013), and MRI (Matsueda, 1993; Matsueda and Inoue, 1996; Matsueda et al., 1998).
Throughout the seven iceGGO experiments, our aim has been to achieve the WMO
recommended compatibility goal of measurements within £0.1 ppm for CO2 (Northern

Hemisphere), £2 ppb for CHa4, 2 ppb for CO, and £0.1 ppb for N.O (WMO, 2016b).

In accord with a report of the WMO (2016b), the following definitions and units
have been used throughout this document. Mole fractions of substances in dry air (dry air

includes ALL gaseous species except water):
ppm = umol/mol = 107 mole of trace substance per mole of dry air
ppb = nmol/mol = 10~° mole of trace substance per mole of dry air

In addition, we have used the term “concentration” instead of “amount-of-substance
fraction” because we are concerned about communicating with the general public, and the
latter term is unfamiliar to most members of the general public. We have reported
concentrations and their associated analytical precisions from all laboratories in all tables to

the same number of figures; in some cases this was accomplished by rounding off.
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Isotopic ratio measurement results are here expressed as deviations from an agreed-
upon international reference measurement standard in per mil (%o) units. 5**C and 620 of

CO:, are defined as follows:

13
5T = %nzﬁ;sil x1000 (1)
lZC

st

18
510 = %182@))&-1 1000 (2)
160

st

where the subscripts sa and st denote the sample and the standard, respectively. In this
study, all measured 6'*C and 6*®0 values of CO- are reported based on the Vienna Pee Dee

Belemnite (VPDB) scale.

2. iceGGO-1 (CHa)

2.1. Round-robin cylinders (iceGGO-1)

The first experiment (2012-2013), the iceGGO-1, focused on a comparison of CH4
standard gas scales by circulating high-pressure gas cylinders. Details of the six sample
cylinders used in this round-robin experiment are listed in Table 1. Four cylinders were

commercially available CH4 standard gases, which were filled by Japan Fine Products (JFP;
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formerly Nippon Sanso Corporation, Japan). These four gases were prepared using purified
natural air as a matrix gas, and their CH4 concentrations ranged from ~1660 ppb to ~1920
ppb. Two of the four cylinders (CPB13002 and CPB13003) had been used previously by
the JMA during 2008-2011 for the third round-robin experiment of the Global Atmosphere
Watch (GAW) World Calibration Centre (WCC) for CHs in Asia and the southwest Pacific
region (http://ds.data.jma.go.jp/wcc/ch4/rusult_3rd.html). The other two standard gases
(CPB28218 and CPB28042), with CHa4 concentrations of about 1810 ppb and 2240 ppb,
were prepared gravimetrically with a four-step dilution from pure N2, O2, Ar, and CO», and
CHas (Table 2). These gases are Sl-traceable standards prepared by the gravimetric method
of the NMIJ. The expanded uncertainties of the gravimetric values, ~1.3 ppb (k = 2), were
associated mainly with the determination of the concentration of CHs in the matrix gases
(pure Oz and N2). Details of the NMIJ gravimetric method have been reported elsewhere

(Flores et al., 2015).

Table 1. The six cylinders used for the iceGGO-1.

Cylinder CH, Concentration Filling

dentification (opb) Matrix gas Manufacturer method Date of filling
CPB13002 1664.2* Purified natural air JFP Gravimetric April, 1, 2008
CPB00786 1779.6* Purified natural air JFP Gravimetric  November 16, 1999
CPB13003 1844.8* Purified natural air JFP Gravimetric April, 1, 2008
CPB00787 1918.8* Purified natural air JFP Gravimetric November 16, 1999
CPB28218 1813.8** Synthetic air® NMIJ Gravimetric  May 31 - June 1, 2012
CPB28042 2240.1** Synthetic air® NMIJ Gravimetric ~ September 4-6, 2012

*Measured by JIMA
**Gravimetric value from NMIJ
*Detailed composition in Table 2
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Table 2. Details of the compositions of two cylinders prepared with the NMIJ gravimetric method. These values were

calculated according to 1SO-6142:2001. The numbers after the £ symbols indicate the expanded uncertainty (k = 2).

Cylinder CH, CO, N, 0, Ar
Identification ppm ppm ppm ppm ppm
1.81381 390.209 774381 215882 9344.69
chB28218 +0.00133 +0.092 +6.68 +6.82 +0.7579
CPB28042 2.24013 390.677 773710 216277 9619.48
+0.00134 +0.087 +6.31 +6.43 +0.7198

2.2. Measurement methods (iceGGO-1)

Six laboratories (JMA, NIPR, AIST, MRI, NIES, and TU) participated in the
iceGGO-1 round-robin experiment from October 2012 to February 2013. Table 3 provides
details of the CH4 analytical methods used by the six laboratories. All participants used a
gas chromatograph equipped with a flame ionization detector (GC/FID) to measure CHs
concentrations; the instruments, however, differed between laboratories. Five laboratories
carried out the measurements using different standard gas scales (NIPR, AIST, MRI,
NIES94, and TU2008), which were independently developed and maintained for a long
period of time. In contrast, the JMA measurements were based on the WMO X2004 scale,
which has been propagated from the Global Monitoring Division (GMD) of the NOAA
Earth System Research Laboratory (Dlugokencky et al., 2005; Tsuboi et al., 2016). The
calibration gases used by the NIPR, AIST, NIES, and TU cover a relatively wide range of
CHj4 concentrations, whereas the range of the JMA and MRI calibration gases was not wide

enough to measure the highest concentration in the round-robin cylinder. To evaluate the
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drift of the CH4 concentration during the experimental period, the JMA measured all

cylinders at the beginning and end of the round-robin experiment.

2.3. Results of iceGGO-1

The CH4 concentrations in the six gas cylinders reported by the six laboratories are

given in Table 4. The analytical precision of most of the measurements from all laboratories

was less than ~2 ppb. The relatively large analytical precision reported by the JMA for the

cylinder with the highest CH4 concentration reflects extrapolation of the calibration curve.

The JMA measurements showed that the differences in concentrations between the

beginning and end of the experiment for all four cylinders were less than 0.8 ppb, which is

smaller than the JMA analytical precision. Thus, no correction for drift during the

experimental period has been applied to the concentrations reported by the laboratories.

Table 3. The six laboratories and the analytical methods, instruments, and calibration scales they used to measure CHa

during the iceGGO-1 experiment.

Laboratory Method Instrument Standard scale Range t;fazzlibration calgrarrigirg(:;es Date of measurements

IMA  GCFID gora” FID): WMo x2004 Scale 102 ppbz'llo onb 5 October 11-12, 2012

NIPR  GCFID oo 1P ipr scae R 0 b 4 October 18-23, 2012

AIST  GCFID g B D isr gca R oot 4 November 11-17, 2012

MRI GC/FID ?;;CE (FID), MRI Scale 1600 ppb2-100 ppb 5 November 2 - December 6, 2012
NIES GC/FID 2:::1?0 (FID), NIES94 Scale 1250 ppb2_500ppb 6 December 14-17, 2012

TU GCIFID E?ONF FID) 112008 scale 900 ppb 2500 ppb 5 January 12-24, 2013

JMA GC/FID Sﬁnééff F (FID). WMO %2004 Scale 1620 ppbz'llo ppb 5 February 7-20, 2013
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Table 4. CH4 concentrations (ppb) reported by the indicated laboratories as a part of the iceGGO-1. Reported analytical

precisions are indicated in parentheses.

Cylinder Identifications

Laboratory CPB13002 CPB00786 CPB13003 CPB00787 CPB28218 CPB28042

IMA 1664.2 (1.5) 1779.6 (1.8) 1844.8 (1.1) 19188 (L7) 181L2 (L0) 2234.6 (3.9)
NIPR 1661.7 (2.6) 1780.2 (1.7) 18457 (1.9) 1920.4 (1.4) 1810.8 (2.0) 2238.9 (L.4)
AIST 1665.4 (1.5) 1782.1 (1.5) 1847.9 (1.3) 1923.2 (1.3) 1813.9 (1.9) 2240.7 (L.9)
MRI 1663.8 (1.1) 1781.4 (0.9) 1845.9 (0.8) 1921.2 (1.0) 18125 (0.8) 22415 (0.8)
NIES 1665.8 (0.9) 1785.3 (1.2) 1850.0 (0.5) 1924.1 (0.8) 1816.3 (1.8) 2240.8 (0.6)
TU 1663.6 (1.1) 1781.8 (1.2) 1848.8 (1.3) 1922.5 (1.2) 1815.7 (0.9) 2243.2 (L5)
IMA 1664.0 (1.7) 1779.4 (1.8) 18456 (1.9) 1918.6 (1.2) 1810.8 (2.1) 2234.4 (4.3)
NMIJ - - - - 1813.8 (1.3)* 2240.1 (L.3)*

*Gravimetric value (Expanded uncertainty of gravimetric method (k = 2))

Figure 1 shows the differences between the CH4 concentrations measured in the six
round-robin cylinders by each laboratory (Laboratory X) and by the JMA. The differences
(Laboratory X minus JMA) among the laboratories ranged from -2 ppb to +9 ppb. This
range of differences reflects mainly differences in the reference CHs standard scales among
the laboratories. The differences of the concentrations reported by all five laboratories and
the JMA concentrations clearly increased with increasing CH4 concentration. These
increased differences often exceeded the criterion for compatibility of CH4 measurements
(x2 ppb) recommended by the WMO (WMO, 2016b). The gravimetric values determined

by ISO 6142:2001 for the two cylinders were higher than the JMA measurements based on
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the WMO X2004 scale. The differences between the two gravimetric scales tended to
increase with increasing CH4 concentration. These results agree well with the difference
between the NMIJ and WMO X2004 scales for the CCQM-K82 comparison as a part of the
CIPM program (Flores et al., 2015). Tsuboi et al. (2016) have reported more details about

the differences between the two scales.

B CPB13002 (1664.2 ppb)

12 ®  CPB00786 (1779.6 ppb)
= A CPB28218 (1811.2 ppb)
= - W CPBI3003 (1844.8 ppb)
=10 [} CPB00787 (1918.8 ppb)
Z | O CPB28042 (2234.6 ppb)
s 8
H
= 6 |
g L
E
v 4 I
%

E -
£0 -

=1
22 L
= T
Q-4
< L

-6

1 1 1 1 1 1
JMA NIPR AIST MRI NIES TU JMA NMIJ
Gravimetric
Method

Figure 1. Differences (Laboratory X minus the JMA) of CHa concentrations for each round-robin cylinder measured as a
part of the iceGGO-1. The error bars represent the + measurement precision reported by each laboratory, although the
error bar of the NMIJ indicates the + expanded uncertainty of the gravimetric method (k = 2). The dashed lines around the

zero line identify the WMO recommended criterion (2 ppb) for CH4 measurement compatibility.
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3. iceGGO-2 (CO2)

3.1. Round-robin cylinders (iceGGO-2)

The second experiment (2012), the iceGGO-2, focused on a comparison of CO:
standard gas scales by circulating high-pressure cylinders. Details of the nine sample
cylinders used for this round-robin experiment are listed in Table 5. Six cylinders filled by
JFP using a volumetric method were provided by TU for the iceGGO-2 experiment. These
six cylinders were prepared using purified natural air as a matrix gas, and their CO:
concentrations ranged from about 340 ppm to 409 ppm. The parent CO gas in these
cylinders was derived from combusted petroleum; the 6'*C values of their CO2 were
deduced to be around —30 %o.

Three other cylinders containing relatively high **CO, concentrations were provided by
NIES to examine isotope effects of CO> analyzers, because such effects would confound
interpretation of apparent differences in the isotopic compositions of round-robin samples
and calibration gases. Two cylinders (CPB16443 and CPB29524) were filled with dry
natural air, including CO: at concentrations of about 405 ppm and 410 ppm, respectively.
The 6'3C values of the CO in these cylinders were measured by the NIES to be —8.8 %0 and
—9.0 %o, respectively. A third cylinder (CPB28548) was specially prepared using an
enriched CO; gas (6'3C = +57.3 %o) in purified natural air with a CO, concentration of

~370 ppm (Tohjima et al., 2009).

10
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Table 5. The nine cylinders used in the iceGGO-2 experiment.

Cy!inde.r CO, Concentration* Matrix gas Manufacturer Filling sc ofCoO,
Identification (Ppm) method (%o)

CPB10204 339.93 Purified natural air JFP Volumetric
CPB10206 369.80 Purified natural air JFP Volumetric
CPB10208 390.02 Purified natural air JFP Volumetric
CPB10210 409.91 Purified natural air JFP Volumetric
CPB10213 429.72 Purified natural air JFP Volumetric
CPB10216 449.95 Purified natural air JFP Volumetric
CPB28548 370.06 Purified natural air NIES +57.3%
CPB16443 406.02 Dry natural air NIES -8.8"
CPB29524 409.31 Dry natural air NIES -9.0"

*Measured by NIES
*Measured by Cavity Ring-Down Spectroscopy (CRDS) of NIES

&Measured by isotope ratio mass spectrometry (IRMS) of NIES (Tohjima et al., 2009)

3.2. Measurement methods (iceGGO-2)

Five laboratories (AIST, NIES, JMA, NIPR, and TU) participated in the iceGGO-2

round-robin experiment from May to August 2012. Table 6 provides details of the CO>

analytical methods used by the five laboratories. All participants used a non-dispersive

infrared (NDIR) analyzer to measure CO: concentrations. However, the models of the

NDIR instruments differed: the AIST, NIES, and TU used a LI-6252 model (LI-COR); the

AIST and TU used a model VIA-500R (Horiba); and the JMA and NIPR used a model

VIA-510R (Horiba).

The JMA measurements were based on the WMO X2007 scale (Zhao and Tans,

2006), which has been propagated from the NOAA/GMD. The NDIR analyzers differ from

the JIMA and NOAA, although no consideration is given to associated isotope effects on the

WMO scale transfer from the NOAA to the JMA. Three laboratories, TU, AIST, and NIPR,

11
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used the same TU2010 scale, which was developed recently by the TU. The NIES09 scale
was based on eight cylinders prepared by a one-step dilution method with a precision of
0.04 ppm (Machida et al., 2011). All laboratories used a gas mixture that included CO-
derived from combustion of fossil fuel (6'3C of about =30 %o) in purified natural air as a

calibration gas.

Table 6. The five laboratories and the analytical methods, instruments, and calibration scales they used to measure CO-

during the iceGGO-2 experiment.

Range of calibration  Number of calibration

Laboratory Method Instrument Standard scale Date of measurements

gases gases

AIST NDIR L1-6252, TU2010 Scale 240 PP™- 6 May 20-25, 2012
Licor 450 ppm

AIST NDIR VIA-500R, TU2010 Scale 340 PP™- 5or 6 May 15-17, 2012
Horiba 450 ppm

NIES NDIR L1-6252, NIES09 Scale  >*0PP™ 8 April 29-May 1, 2012
Licor 450 ppm

IMA NDIR VIA-510R, WMO X2007 320 ppm- 9 June 12-15, 2012
Horiba Scale 480 ppm

NIPR NDIR VIA-S10R TU2010 Scale  370PP™- 6 October 18-24, 2012
Horiba 420 ppm

TU NDIR t."6252' TU2010 Scale 280 PP™- 7 July 25- August 1, 2012

icor 450 ppm

VIA-500R, 380 ppm-

TU NDIR Horiba TU2010 Scale 450 ppm 7 July 25- August 1, 2012

3.3. Results of iceGGO-2

Table 7 summarizes the CO2 concentrations measured in the nine round-robin
cylinders by five laboratories using three different NDIR models. The analytical precision
of most of the measurements in all laboratories was less than 0.04 ppm, although the TU
and AIST results indicated that the precision was higher for measurements made with the

VIA-500R than with the LI-6252. The TU assayed six cylinders containing combusted
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petroleum CO: at both the beginning and the end of the experiment to evaluate the
stabilities of the CO> contents during the experimental period. No significant drift of CO-
concentration was observed in any of the six cylinders. The results for three other cylinders
examined by the NIES were found to be stable during the experimental period. Thus, no
correction for drift has been applied to the measurement results reported by any of the
laboratories. The CO> concentrations of three cylinders reported by the NIES were
corrected for isotope effects of +0.06 ppm for CPB16443 and CPB29524 and of +0.29 ppm
for CPB28548 in accord with the method of Tohjima et al. (2009). The reported values

from all other laboratories, however, were not corrected for isotope effects.

Table 7. CO2 concentrations (ppm) and reported analytical precisions in parentheses during the iceGGO-2.

Cylinder Identifications
Laboratory CPB10204 CPB10206 CPB10208 CPB10210 CPB10213 CPB10216 CPB28548 CPB16443 CPB29524
AIST (LI-6252)  340.11 (0.020) 369.98 (0.019) 390.19 (0.017) 410.08 (0.016) 429.86 (0.013) 450.08 (0.016) 369.93 (0.018) 406.04 (0.013) 409.33 (0.021)

AIST (VIA-500R) 340.10 (0.009) 369.95 (0.011) 390.19 (0.006) 410.07 (0.011) 429.86 (0.006) 450.10 (0.013) 370.17 (0.010) 406.16 (0.011) 409.45 (0.013)
NIES (LI-6252)  339.93 (0.024) 369.80 (0.014) 390.02 (0.017) 409.91 (0.018) 429.72 (0.023) 449.95 (0.024) 370.06%(0.017) 406.02%(0.016) 409.31*(0.008)

(+0.20)** (+0.06)** (+0.08)**
JMA (VIA-510R)  340.10 (0.018) 369.91 (0.020) 390.05 (0.013) 409.97 (0.012) 429.69 (0.012) 449.97 (0.007) 369.98 (0.018) 405.99 (0.014) 409.27 (0.006)
NIPR (VIA-510R) - 370.06 (0.020) 390.25 (0.020) 410.16 (0.020) - - 370.08 (0.010) 406.15 (0.020) 409.44 (0.010)
TU (LI-6252) 340.11 (0.037) 369.99 (0.020) 390.21 (0.026) 410.13 (0.035) 429.94 (0.026) 450.12 (0.042) 369.93 (0.018) 406.11 (0.028) 409.40 (0.025)
TU (VIA-500R)  340.12 (0.009) 370.00 (0.012) 390.25 (0.014) 410.12 (0.011) 429.92 (0.015) 450.08 (0.018) 370.26 (0.013) 406.22 (0.009) 409.52 (0.011)

*Corrected by isotope effect
**|sotope effect

Figure 2 shows differences in CO2 concentrations measured by each laboratory
(Laboratory X) and NIES for the six cylinders containing combusted petroleum CO>. The
differences (Laboratory X minus NIES) among the laboratories ranged from —0.03 ppm to

+0.26 ppm. The differences for the TU, AIST, and NIPR exceeded +0.1 ppm, whereas the
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difference between the JMA and NIES depended largely on the CO> concentration. The
concentrations measured with the two different instruments (VIA-500R and LI1-6252) by
the TU and AIST were in good agreement, although there was a small systematic difference
(less than ~0.05ppm) between the two laboratories. These results mainly reflect differences
in the standard gas scales for the CO; calibrations among the laboratories. Isotope effects
are ruled out because the same combusted petroleum CO; was the CO source in both the

round-robin samples and the calibration gas cylinders.

| B CPB10204 (339193 ppm)
® CPBI10206 (369.80 ppm)
'E 04 i A CPBI10208 (390,02 ppm)
= ' ¥ CPBI10210 (409191 ppm)
= i [J CPBI10213 (429(72 ppm)
7 — CPB10216 (449.95 ppm)
B 0.3}
= [ .
w n v
I S
g 0.2+ = -.‘f =7 .
L TaY 8547 - |% | | T =&
= .« | cle) ' = . @] :‘i
£ 0.1f S S — I SR - S — 454
= R
= v o
= B A S
=, 0.0 e S
O - ! L 1 U
< N &
- 5]
0.1[ e L SSSRRUSY SRS AR SRR AN -
L 1 1 1 1 1 1 ]
NIES AIST AIST JMA NIPR TU TU

LI-6252 LI-6252 VIA-500R VIA-510R VIA-510R LI-6252 VIA-500R

Figure 2. Differences (Laboratory X minus NIES) of CO2 concentrations for six round-robin cylinders measured for the
iceGGO-2. The error bars represent the + measurement precision reported by each laboratory. The dashed lines around the

zero line identify the WMO criterion (0.1 ppm) in the Northern Hemisphere for network compatibility.
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Figure 3 shows differences in CO2 concentrations measured by each laboratory
(Laboratory X) and the NIES for natural air samples in the CPB16443 and CPB29524
cylinders and the CPB28548 (**CO; enriched) cylinder. The isotopic compositions of CO;
in these three cylinders were different from those in the CO: calibration gases used in all
laboratories to examine the isotope effect on the NDIR analysis. The differences
(Laboratory X minus NIES) among the laboratories and NDIR models ranged from —0.15
ppm to +0.21 ppm in these three cylinders. The measurements of the two natural air sample
cylinders agreed well within the analytical precision in all laboratories. However, there was
a large difference (0.1 ppm) between the concentrations determined with the VIA-500R
and LI-6252 analyzers for two natural air samples analyzed by the TU and AIST. The
deviations of the analyses were larger for the enriched 3CO, sample cylinder than for the
two natural air sample cylinders. These results reflect not only differences in CO>

calibration standard scales but also isotope effects associated with the NDIR models.

15



TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.79 2017
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Figure 3. Differences (Laboratory X minus NIES) of CO2 concentrations for three round-robin cylinders measured for the
iceGGO-2. The error bars represent the + measurement precisions reported by each laboratory. The dashed lines around

the zero line identify the WMO criterion (£0.1 ppm) in the Northern Hemisphere for network compatibility.

4.iceGGO-3 (CO2)

4.1. Round-robin cylinders (iceGGO-3)

The third experiment (iceGGO-3), which took place in 2014, was a comparison of CO»
concentrations in high-pressure cylinders. Table 8 provides details about the three sample
cylinders used in the round-robin experiment. The samples in these three cylinders
contained CO; at concentrations of about 380 ppm, 400 ppm, and 418 ppm, respectively.

The samples were prepared from pure CO; and purified natural air with a three-step
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dilution by the gravimetric method in accordance with 1SO 6142:2001 during the time
interval from November 28, 2013, to December 19, 2013. At each step of the dilution, three
mixtures were prepared. The CO2 concentrations at each step were 60000 ppm, 5000 ppm,
and 400 ppm. The purity of the CO, and the concentrations of N2, Oz, and Ar in the purified
natural air were determined by gas chromatography, Fourier-transform infrared
spectrometry and so on. The expanded uncertainty of the CO gravimetric values, about
0.05 ppm, was associated mainly with weighing the filling gas. The ¢3C and ¢80 values of
the pure CO, used to prepare these gases, determined precisely by isotope ratio mass
spectrometry (IRMS) at the AIST and TU, were about —8.9 %o and —13 %o, respectively.
This isotopic composition differed from that of the calibration gases prepared with
combusted petroleum CO; (around —30 %o for 6*3CO2) that was used for measurements by

all participants.

Table 8. Mean concentrations of gases in the three cylinders used for CO2 analyses during the iceGGO-3. The numbers

after the + symbols indicate the expanded uncertainty (k = 2).

Cylinder co, N, 0, Ar 3BC(CO,* §C(CO,** §%0(C0,)* §0(CO,)**
Identification ppm ppm ppm ppm %o %o %o %o
CPDO0OT0 379.88 781049 209214 9357 -8.907 -8.881 -13.099 -13.006
+0.056 +24 +16 +18 +0.012 +0.024 +0.011 +0.056
CPDO0076 399.57 781044 209209 9347 -8.964 -8.874 -13.173 -13.064
+0.049 +29 +16 +24 +0.012 +0.024 +0.022 +0.027
CPDO00GS 41812 781017 209209 9356 -8.908 -8.897 -13.088 -13.048
+0.051 +24 +15 +18 +0.006 +0.018 +0.012 +0.011

*Measured by IRMS of AIST
**Measured by IRMS of TU
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4.2. Measurement methods (iceGGO-3)

Five laboratories (AIST, TU, JMA, MRI, and NIES) participated in the iceGGO-3
round-robin experiment from January to September 2014. Table 9 lists the participating
laboratories and details of their CO, analytical methods.

All participants used a NDIR analyzer to measure CO> concentrations, but the models
of the NDIR instruments differed. The TU used three different NDIR models: VIA-500R
(Horiba), VIA-510R (Horiba), and L1-6252 (LI-COR). The other laboratories used only one
NDIR model for the CO, measurements. The CO2 scales were different from each other
(Table 9). To check for CO, concentration drift during the experimental period, the AIST
measured the CO> concentrations in all cylinders at both the beginning and the end of the

round-robin experiment.

Table 9. The five laboratories and their analytical methods, instruments, and calibration scales for CO2 during the

iceGGO-3.
Laboratory Method Instrument Standard scale Range of calibration .N””Tber of Date of Measurements
gases calibration gases

AIST NDIR  VASO0R 12010 Scale 27O PPT 6 January 22 - March 12, 2014
Horiba 450 ppm

TU NDIR VIAS00R, TU2010 Scale >'OPP™" 4 March 25 - 27, 2014
Horiba 430 ppm

TU NDIR  VASIOR 12010 Scale 27O PPT 4 March 26, 2014
Horiba 430 ppm

TU NDIR L1-6252 TU2010 Scale  /0PP™- 4 March 25 - 27, 2014
Licor 430 ppm

IMA NDIR VIA—SlOR, WMO X2007 350 ppm - 7 June 4 - 5, 2014
Horiba Scale 440 ppm

MRI NDIR L1-6252, MRI 1987 Scale >0 PP~ 6 July 30 - August 1, 2014
Licor 430 ppm

NIES NDIR ~ L6%2 NIES09 Scale >0 PP™~ 8 August 11-12, 2014
Licor 450 ppm

AIST NDIR  VASO0R 12010 Scale 260 PPM 6 September 2 - 5, 2014
Horiba 450 ppm
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4.3. Results of iceGGO-3

Table 10 shows results of the CO, analyses of the three round-robin cylinders by
five laboratories using several NDIR models together with the gravimetric values. The
precision of most of the results was less than 0.02 ppm. The AIST measurements at both the
beginning and the end of the round-robin experiment revealed a slight increase for all three
cylinders of 0.02-0.03 ppm, but this drift was not significant compared to the measurement
precisions. Thus, no correction for drift was applied to the measurement results reported by
the laboratories. The NIES measurements were corrected by the isotope effect (+0.066
ppm) in accord with Tohjima et al. (2009), but the isotope effect was not considered in the

measurements made by other laboratories.
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Table 10. CO2 concentrations (ppm) determined during the iceGGO-3. The reported precisions are shown in parentheses.

Laboratory

Cylinder Identifications

CPD00070

CPD00076

CPD00069

AIST (VIA-500R)

TU (VIA-500R)

TU (VIA-510R)

TU (LI-6252)

IMA (VIA-510R)

MRI (LI-6252)

NIES (LI-6252)

AIST (VIA-500R)

379.68 (0.013)

379.76 (0.007)

379.67 (0.010)

379.66 (0.008)

379.60 (0.017)

379.45 (0.011)

379.55* (0.009)

(+0.066)**
379.71 (0.013)

399.33 (0.008)

399.39 (0.005)

399.33 (0.008)

399.28 (0.011)

399.15 (0.012)

399.08 (0.008)

399.18* (0.014)

(+0.066)**
399.35 (0.006)

417.92 (0.013)

417.97 (0.005)

417.91 (0.007)

417.88 (0.008)

417.80 (0.022)

417.62 (0.002)

417.78*(0.010)

(+0.066)**
417.94 (0.011)

NMIJ 379.88" (0.056)""
*Corrected by isotope effect

399.57" (0.049)"  418.12" (0.051)"

**|sotope effect
*Gravimetric value
*Expanded uncertainty of gravimetric value (k = 2)

Figure 4 shows differences in the CO2 concentrations measured in the three
cylinders by each laboratory (Laboratory X) and the NIES. The differences (Laboratory X
minus NIES) among the laboratories and NDIR models ranged from —0.15 ppm to +0.2
ppm for the three cylinders. The gravimetric values from the NMIJ were higher than the
CO2 concentrations measured by all the laboratories, but the reason for this difference is
unknown. The TU measurements clearly showed a difference among the concentrations
determined with the three NDIR models; the concentrations differed by about 0.1 ppm.

These results strongly reflect not only differences in the CO2 calibration standard scales but
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also isotope effects between the NDIR models. Details of the isotope effect are described in

section 9.5.
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Figure 4. Differences (Laboratory X minus NIES) of CO2 concentrations in three round-robin cylinders measured during
the iceGGO-3. The error bars represent the + measurement uncertainty reported by each laboratory, although the error bar
for the NMIJ indicates the + expanded uncertainty of the gravimetric method. The dashed lines around the zero line

identify the WMO criterion (£0.1 ppm) in the Northern Hemisphere for network compatibility.

5.1ceGGO-4 (CO)

5.1. Round-robin cylinders (iceGGO-4)

The fourth experiment (iceGGO-4), which took place in 2013-2014, focused on
comparison of CO standard gas scales by circulating high-pressure cylinders. Table 11
provides details about the two sample cylinders used for this round-robin experiment. The

samples in these two cylinders contained CO at concentrations of about 346 ppb and 249
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ppb, respectively. The samples were prepared from pure CO, N2, and Oz with a four-step
dilution by the gravimetric method in accord with 1ISO 6142:2001. The CO concentrations
at each step were 23,000-29,000 ppm, 610-670 ppm, 13-16 ppm, and 250-350 ppb. The
expanded uncertainty of the CO gravimetric values (k = 2), about 0.3 ppb, was associated
mainly with the determination of the CO concentrations in pure N2 and O.. Before the
gravimetric preparation at the NMIJ, the inner walls of the high-pressure aluminum
cylinders were treated in a special way by the lwatani Corporation in Japan to minimize the

drift of CO.

Table 11. The two cylinders used for CO analyses during the iceGGO-4.

Cylinder Matrix gas Manufacturer  Filling method  Date of Filling co N2 O
Identification ppb ppm ppm
.. . . September 346.1 791215 208784
CPB16249  Synthetic air NMIJ Gravimetric 4, 2013 +031 +6.1 +6.1
L L August 27, 248.7 788013 211986
CPB28680  Synthetic air NMIJ Gravimetric 2013 +0.30 +6.2 +6.3

5.2. Measurement methods (iceGGO-4)

Four laboratories (NIES, MRI, TU, and JMA) participated from October 2013 to
August 2014 in the iceGGO-4 round-robin measurements. Table 12 lists the participating
laboratories and provides details about their CO analytical methods. To monitor for CO
drift during the experimental period, the NIES measured all cylinders three times with a
vacuum ultraviolet resonance fluorescence (VURF) analyzer. The TU and JMA used a gas
chromatograph equipped with a reduction gas detector (GC/RGD) to measure CO

concentrations, whereas the MRI used a GC/FID after conversion of CO to CHa.
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The JMA measurements were based on the WMO X2014A scale, which has been
propagated from the NOAA/GMD (Novelli et al., 2003). The other three laboratories used
different standard gas scales (NIES09, MRI, and TU2010), which were independently

developed and maintained for a long period.

Table 12. The four laboratories and their analytical methods, instruments, and calibration scales for CO during the

iceGGO-4.
Laboratory Method Instrument Standard scale Range of calibration Number of Date of measurements
gases calibration gases
NIES ~ VURF  VURF ALS002 NIES09 Scale 0ppb- 4 October 18, 2013
Aero-Laser, GmbH 5000 ppb
AG-1F (FID) 50 ppb -
MRI GC/FID ' MRI Scale 5 December 9-11, 2013
Yanaco 500 ppb
VURF, AL5002 0 ppb -
NIES VURF Aero-Laser, GribH NIES09 Scale 5000 ppb 4 January 29, 2014
50 ppb -
TU GCHgo ReA TU2010 Scale PP 4 March 18, 2014
Trace Analytical Inc. 320 ppb
TRA-1, WMO X2014A 50 ppb -
IMA GC/HgO Round Science Inc. Scale 350 ppb 4 May 27, 2014
0 ppb -
NIES ~ VURF  VURRIALS002  \iEgng scale PP 4 August 13, 2014
Aero-Laser, GmbH 5000 ppb

5.3. Results of iceGGO-4

Table 13 shows the CO concentrations measured in the two round-robin cylinders
by the four laboratories using different methods together with NMI1J’s gravimetric values.
The analytical precision of most of the measurements from the four laboratories was less
than 1 ppb, although the precision was larger for the GC/FID method used by the MRI. The
NIES measurements, which were made three times during this experimental period of about

one year, revealed a CO concentration increase in both cylinders. After the drifts had been
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estimated and the difference of CO standard scales examined, the measured values were

corrected as discussed in section 9.3. Thus, the concentrations in Table 13 reported by the

four laboratories reflect not only the differences of CO standard scales but also the CO drift

effect.

Table 13. CO concentrations (ppb) during the iceGGO-4. The reported precisions are shown in parentheses.

Cylinder Identifications

Laboratory CPB16249 CPB28680

NIES 348.0 (0.8) 249.8 (0.7)
MRI 355.0 (0.8) 251.1 (1.8)
NIES 349.1 (0.1) 251.4 (0.1)
TU 346.4 (0.5) 251.2 (0.6)
JMA 348.9 (0.4) 251.4 (0.4)
NIES 351.7 (0.2) 252.6 (0.3)
NMIJ 346.1 (0.3)* 248.7 (0.3)*

*Gravimetric value (Expanded uncertainty of gravimetric method (k = 2))

Figure 5 shows the differences in the CO concentrations measured by each

laboratory (Laboratory X) and the gravimetric value of the NMIJ for the two round-robin

cylinders. The concentrations measured by the NIES clearly increased with time due to the

CO drifts in both the cylinders; none of the measured values was corrected. The differences
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(Laboratory X minus NMIJ) among the laboratories ranged from O ppb to +8 ppb for the
two cylinders. When the CO drifts are taken into consideration, the measurements of both
the TU, JMA, and NIES are almost in agreement with the NMIJ gravimetric values to
within the WMO recommended compatibility criterion (£2 ppb). In contrast, relatively
large deviations from the NMIJ gravimetric values were observed for the high-CO-
concentration cylinder assayed by the MRI. These results mainly reflect differences in the

CO calibration standard scales used by the MRI and JMA.
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Figure 5. Differences (Laboratory X minus NMIJ) of CO concentrations for the two round-robin cylinders assayed for the
iceGGO-4. The error bars represent the + measurement precision reported by each laboratory, although the error bar of the
NMIJ indicates the + expanded uncertainty of the gravimetric method (k = 2). The dashed lines around the zero line

identify the WMO recommended criterion (£2 ppb) for CO measurement compatibility.
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6. iceGGO-5 (N20)

6.1. Round-robin cylinders (iceGGO-5)

The focus of the fifth experiment (iceGGO-5), which took place in 2016, was on a
comparison of N2O standard gas scales by circulating high-pressure gas cylinders. Table 14
provides details about the six sample cylinders used for this round-robin experiment. Five
cylinders contained commercially available N2O standard gases, which were filled by the
JFP. The five gases were prepared using purified natural air as a matrix gas; their N2O
concentrations ranged from about 280 ppb to 340 ppb. The N2O concentrations in the five
cylinders had been previously calibrated twice by using the WMO X2006A scale (Hall et
al., 2007) at NOAA in December 2006 and during September—October 2010. Their values
have been published on the NOAA website (http://www.esrl.noaa.gov/gmd/ccl/refgas.html).
Another cylinder (CPB31357) with a N2.O concentration of about 334 ppb was prepared
from pure N.O and purified natural air by the NMIJ gravimetric method. A four-step
dilution was used to make the mixtures. The N2O concentrations at each step were 19,000
ppm, 443 ppm, 14 ppm, and 330 ppb. Pure N2 gas was used as the dilution gas in the first
and second steps, and purified natural air was used as the dilution gas in the third and fourth
steps. Three mixtures were prepared at each step. Table 15 lists the concentrations of the
gases (N2, Oz, Ar, and COy) in the mixtures. The expanded uncertainty of the gravimetric
value (k = 2), ~0.18 ppb, was mainly associated with the determination of the N.O

concentration in the purified natural air.
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Table 14. The six cylinders used for the iceGGO-5.

Cylinder N,O Concentration Filling

o Matrix gas Manufacturer Date of filling
Identification (ppb) method

CQC00239 280.62 £0.64*  Purified natural air JFP Volmetric July, 27, 2006
CQC00238 295.69 +0.18*  Purified natural air JFP Volmetric July, 27, 2006
CQC00237 310.62 £0.04*  Purified natural air JFP Volmetric July, 27, 2006
CQC00236 325.88 £0.25*  Purified natural air JFP Volmetric July, 27, 2006
CQCO00235 340.60 £0.70*  Purified natural air JFP Volmetric July, 27, 2006
CPB31357 333.88 +0.18**  Ppurified natural air® NMIJ Gravimetric March 4, 2016

*Averaged value measured in 2006 and 2010 by NOAA
**Gravimetric value from NMIJ with the expanded uncertainty (k = 2) after the = symbols
*Detailed composition in Table 15

Table 15. Concentrations of gases in the iceGGO-5 cylinder prepared by the NMIJ gravimetric method. The numbers after

the £ symbols indicate the expanded uncertainty (k = 2).

Cylinder N,O CO, N, O, Ar
Identification ppb ppm ppm ppm ppm
333.88 398.38 780890 209389 9321.7
CPB3L3ST +0.18 +0.08 +47.7 +41.7 +23.2

6.2. Measurement methods (iceGGO-5)

Five laboratories (JMA, AIST, MRI, NIES, and TU) participated in the iceGGO-5
round-robin measurements from March to October 2016. Table 16 provides details of the
N-O analytical methods used by the five laboratories. Three laboratories (JMA, NIES, and
TU) used a gas chromatograph with an electron capture detector (GC/ECD) to measure
N2O concentrations, whereas three laboratories (JMA, AIST, and MRI) used a laser-based
analyzer of Off-Axis Integrated Cavity Output Spectroscopy (OA-ICOS, LGR Inc.). The

JMA measurements were based on the WMO X2006A scale (Hall et al., 2007), which has
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been propagated from the NOAA. The other four laboratories carried out their
measurements using different standard gas scales (AIST, MRI12014, NIES96, and TU2006)
that were developed independently. The calibration gases for the AIST, NIES, and TU
covered a relatively wide range of N2O concentrations, whereas the range of concentrations
in the calibration gases used by the JMA and MRI was not wide enough to include the
lowest concentration in one of the round-robin cylinders. To evaluate the stability of N2O
concentrations during the experimental period, the AIST assayed the NMIJ cylinder at the

beginning and end of the experiment.

Table 16. The five laboratories that participated in the iceGGO-5 and their analytical methods, instruments, and

calibration scales for N2O.

Laboratory Method Instrument Standard scale _R"“Tge of !\‘””Tber of Date of measurements
calibration gases  calibration gases

ICOS 907-0015, 270 ppb - .

AIST(Laser) ICOS LGR AIST Scale 380 ppb 5 April 10-17, 2016
N20/COAnalyzer, 300 ppb -

MRI(Laser) ICOS LGR MRI 2014 Scale 350 ppb 5 March 9, 2016

NIES(GC)  GC/ECD AdlnE80ECD).  \jeg o5 gcale  250PPR- 4 June 4-5, 2016
Agilent 400 ppb
Agilent 6890 (ECD), 120 ppb -

TU(GC) GC/ECD Agilent TU2006 Scale 370 ppb 3 June 17 - July 20, 2016
GC-2014 (ECD), WMO X2006A 300 ppb - August 9 & October

JMA (GC GC/ECD . 5

(©0) Shimadzu Scale 360 ppb 13-14, 2016

DLT-100 Fast, WMO X2006A 300 ppb -

JMA(Laser)  ICOS LGR Scale 360 ppb 5 August 19-20, 2016

6.3. Results of iceGGO-5

Table 17 lists the N2O concentrations measured in the six round-robin cylinders by
the five laboratories that used the GC/ECD and laser-based analyzers together with NMI1J’s
gravimetric value. No corrections for drift have been applied to the concentrations reported

by any of the laboratories. The analytical precision of most of the measurements by four of
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the laboratories was less than 0.5 ppb; the precision of the JMA measurements made by the
GC/ECD method was larger. In general, the precision of the laser-based analyzer, ICOS,
was better than that of the GC/ECD. The JMA concentrations differed between the two
analytical methods, although the same calibration standard gases were used for both of the

methods.

Table 17. N20 concentrations (ppb) during the iceGGO-5. The reported analytical precisions are shown in parentheses.

Cylinder Identifications

Laboratory CPB31357  CQC00239  CQC00238  CQC00237  CQCO00236  CQC00235
AIST (ICOS) 33354 (0.03) 280.43(0.06) 295.17 (0.05) 310.12(0.05) 325.30 (0.05) 339.94 (0.05)
MRI (ICOS) - 280.58 (0.25) 295.87 (0.53) 310.55(0.03) 325.99 (0.34)  339.97 (0.04)
NIES (GC/ECD) 332.97 (0.13) 279.72(0.20) 294.25(0.16) 309.17 (0.18) 324.26 (0.18)  338.87 (0.01)
TU(GC/ECD)  334.37(0.27) 280.79 (0.53) 295.54 (0.48) 310.05(0.23) 325.55(0.36)  339.79 (0.23)
JMA (GC/ECD) 335.15(0.53) 280.92 (0.67) 295.61 (0.56) 310.65(0.42) 325.95(0.28) 340.56 (0.39)
JMA (ICOS)  333.84(0.08) 280.59 (0.21) 295.41(0.14) 310.52(0.10) 325.84(0.11) 340.54 (0.19)
NMIJ 333.88 (0.18)* - - - -

*Gravimetric value (Expanded uncertainty of gravimetric method (k = 2) )

Figure 6 shows the differences in the N2O concentrations measured by each
laboratory (Laboratory X) and the NMIJ or NOAA for the six cylinders. The differences
(Laboratory X minus NMIJ/NOAA) among the laboratories ranged from —1.7 ppb to +1.5
ppb. The differences from the NOAA values clearly depended on the N2O concentrations
for the measurements made by the AIST, NIES, and TU. In contrast, the values measured

with ICOS analyzers by the MRI and JMA were similar to the NOAA values. These results
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reflect mainly differences in the N»O calibration standard gas scales among the
laboratories. The NMIJ gravimetric value was within £1 ppb of the region of most of the

N2O measurements, except for the IMA measurement made with the GC/ECD.

CPB31357 (333.88 ppb)
CQC00239 (280.62 ppb)
CQCO00238 (295.69 pph)
CQC00237 (310.62 ppb)
CQCO00236 (325.88 ppb)
CQC00235 (340.60 ppb)
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Figure 6. Differences (Laboratory X minus NOAA/NMIJ) of N20 concentrations for each round-robin cylinder assayed
during the iceGGO-5. The error bars represent the + measurement uncertainty reported by each laboratory, although the
error bar of the NMIJ indicates the + expanded uncertainty of the gravimetric method (k = 2). The dashed lines around the

zero line identify the WMO recommended criterion (0.1 ppb) for N2O measurement compatibility.
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7. iceGGO-6 (CHa)

7.1. Round-robin cylinders (iceGGO-6)

The sixth experiment (iceGGO-6), which took place in 2016, focused on a comparison
of CH,4 standard gas scales by circulating high-pressure gas cylinders. Table 18 provides
details about the four sample cylinders used in this round-robin experiment. Two cylinders
contained commercially available CH4 standard gases and were filled by the JFP. These two
gas samples were prepared using purified natural air as the matrix gas, and the CHs
concentrations were about 1738 ppb and 1877 ppb, respectively. They had previously been
used for the fourth round-robin experiment of the GAW/WCC for CH4 in Asia and the
southwest Pacific region during 2011-2014
(http://ds.data.jma.go.jp/wcc/chd/rusult_4th.html). The other two cylinders (CPB28035 and
CPB28219) contained samples with CH4 concentrations of about 1797 ppb and 2198 ppb,
respectively. The samples were prepared by the NMIJ gravimetric method during the CIPM
CCQM-K82 experiment. The cylinders were filled using a synthetic air diluent consisting
of a mixture of pure N2, Oz, Ar, and CO; (Table 19). The expanded uncertainty of the
gravimetric values (k = 2), £1.3 ppb, was associated mainly with the determination of the
CHy in the matrix gases (pure Oz and N2). The details of the NMIJ gravimetric method have

been reported elsewhere (Flores et al., 2015).
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Table 18. The four cylinders used for the iceGGO-6.

Cy!inde_r CH, Concentration Matrix gas Manufacturer Filling Date of filling
Identification (ppb) method
CPB28035 1797.3* Synthetic air NMIJ Gravimetric August 28, 2012
CPB28219 2198.3* Synthetic air® NMIJ Gravimetric June 6, 2012
CPB31288 1740.1** Purified natural air JFP Gravimetric February 25, 2011
CPB31289 1878.6** Purified natural air JFP Gravimetric February 25, 2011

*Gravimetric value from NMI1J
**Measured by IMA/CRDS
*Detailed composition in Table 19

Table 19. Details of the compositions of the two cylinders prepared by the NMIJ gravimetric method. The numbers after

the £ symbols indicate the expanded uncertainty (k = 2).

Cylinder CH, CO, N, 0, Ar
Identification ppb ppm ppm ppm ppm
1797.3 386.66 779814 210538 9259.76
CPB28035 +1.32 +0.091 +6.33 +6.45 +0.715
CPB28219 2198.3 383.39 780898 209276 9439.93
+1.33 +0.087 +6.55 +6.68 +0.757

7.2. Measurement methods (iceGGO-6)

Four laboratories (JMA, AIST, MRI, and NIES) participated in the iceGGO-6
round-robin measurements from February 2016 to September 2016. Table 20 provides
details of the CH4 analytical methods used by the five laboratories. The JMA and MRI used
a laser-based analyzer and wavelength-scanned cavity ring-down spectroscopy (WS-CRDS,
Picarro Inc.) to measure CH4 concentrations. Three laboratories (JMA, AIST, and NIES)
used a GC/FID, although the instruments they used differed. The JMA measurements were

based on the WMO X2004A scale, which has been propagated from the NOAA
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(Dlugokencky et al., 2005). The other three laboratories carried out their measurements
using different standard gas scales (AIST, MRI, and NIES94), which were developed
independently. The calibration gases used by the AIST and NIES covered a relatively wide
range of CHa4 concentrations, whereas the range of concentrations in the calibration gases
used by the JMA and MIR was not wide enough to measure the highest concentration in the
round-robin cylinder. To assess the gases for drift during the experimental period, the AIST
measured the CH4 concentrations in the two NMIJ cylinders at the beginning and end of the

round-robin experiment.

Table 20. The four laboratories that participated in the iceGGO-6 and their analytical methods, instruments, and

calibration scales for CHa.

Laboratory  Method Instrument Standard scale Range (;;::libration calw:tqisﬁrgies Date of measurements
AT GCFID o tBFFER ST seale 1010 ppb Y530 - 4 April 2-9, 2016
MRI CRDS  So0t (CRDS) MRI Scale 1600 ppb 2100 - 5 February 12, 2016
NIES  GCIFID ;'\Zifegnfo (FID) NIES94 Scale 220 PPD 2500 - 6 May 18-19, 2016
IMA GCIFID S 48PF (FID) \S’\(':';’I'eo X2004A 1620 ppb 10 - 5 August 15, 2016
IMA CRDS 2001 (CRDS) \S/\é';/l'f X2004A 1610 ppb Y160 - August 4, 2016

7.3. Results of iceGGO-6

Table 21 lists the CH4 concentrations measured in the four gas cylinders by the four
laboratories. The AIST measurements at the end of the experiment revealed no change of
CHa concentration in the two NMIJ cylinders. Thus, no correction for drift during the

experimental period was applied to the concentrations reported by the laboratories. The
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analytical precision of most of the measurements in all the laboratories was less than ~2
ppb. The measurement precision of the laser-based analyzer, CRDS, was generally better

than that of the GC/FID.

Table 21. CH4 concentrations (ppb) measured during the iceGGO-6. The reported analytical precisions are indicated in

parentheses.

Cylinder Identifications
Laboratory CPB28035 CPB28219 CPB31288 CPB31289
AIST (GC/FID)  1797.8 (1.3) 2198.0 (1.4) 17411 (1.8) 1880.9 (1.7)

MRI (CRDS) 1796.3(0.1)  2199.5(0.1) 17395 (0.1)  1880.5 (0.1)

NIES (GC/FID)  1798.8 (0.6)  2200.1 (0.3)  1742.0(0.1)  1882.4 (0.2)

JMA (GC/FID)  1793.3 (1.0) 2192.8 (2.0) 1738.1 (1.5) 1876.9 (1.6)

JMA(CRDS)  1796.4 (0.1) 2192.2 (0.2) 17401 (0.5) 1878.6 (0.3)

NMIJ 1797.3 (1.3)*  2198.3 (1.3)* - -
*Gravimetric value (Expanded uncertainty of gravimetric method (k = 2))

Figure 7 shows the differences between the CH4 concentrations in the four cylinders
measured by each laboratory (Laboratory X) and the NMIJ or NOAA. The NMIJ values for
the two cylinders are based on the gravimetric method, whereas the NOAA values for the
other two cylinders at 1740.0 £ 0.7 ppb (CPB31288) and 1879.7 + 1.0 ppb (CPB31289)

were measured during the fourth round-robin experiment of the JIMA/WCC for CH4 from
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January to February 2014 (http://ds.data.jma.go.jp/wcc/ch4/rusult_4th.ntml). The
differences (Laboratory X minus NMIJ/NOAA) among the laboratories ranged from —6 ppb

to +7 ppb.
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Figure 7. Differences (Laboratory X minus NOAA/NMIJ) of CHa4 concentrations for each round-robin cylinder measured
during the iceGGO-6. The error bars represent the + measurement precision reported by each laboratory, although the

error bar of the NMIJ indicates the + expanded uncertainty of the gravimetric method (k = 2). The dashed lines around the

zero line identify the WMO recommended criterion (+2 ppb) for CH4 measurement compatibility.
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8. NOAA-ICP

8.1. Round-robin cylinders (NOAA-ICP)

The WMO Central Calibration Laboratory for CO at NOAA proposed a comparison
of CO measurements to the JMA and other laboratories in Japan as well as the WMO/WCC
for CO at the Swiss Federal Laboratories for Materials Science and Technology (Empa) in
Zurich (Novelli, 2016). This NOAA InterComParison (NOAA-ICP) experiment, which
took place in 2013-2014, provided a good opportunity for the iceGGO program to compare
results directly with the WMO CO scale (Novelli et al., 2003). NOAA prepared six round-
robin cylinders for the NOAA-ICP experiment. Two cylinders (CB10067, CB09973) were
also assayed as part of the WMO/IAEA Round Robin Comparison Experiment (RR 6), not
only for CO but also for CO> and its isotopes, CH4, N2O, and other trace gases (SFs, Hz,
O2/N2) (www.esrl.noaa.gov/gmd/ccgg/wmorr/index.html).

Details of the six round-robin cylinders and the CO results have been reported
elsewhere (Novelli, 2016). The cylinders (29.5 L AL) with tapered valves were filled with
ambient dry air at Niwot Ridge in Colorado, USA. They were modified from ambient levels
to higher or lower concentrations by adding aliquots of either 5 ppm CO or Ultra High
Purity zero-air. The air in the cylinders contained final CO concentrations that ranged from
~50 to ~350 ppb. Dedicated two-stage regulators were prepared for CO measurements by
NOAA.

To examine the isotope effect of the NDIR CO, measurements, the 63C and 680 of

the CO: in the six cylinders were precisely measured by IRMS by the AIST and TU and
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found to be about —8.6 to -9 %o and -1 to —24 %o, respectively (Table 22). This isotopic
composition is similar to that of natural air, but it is very different from that of the
combusted petroleum CO2 (around —30 %o for 6*3C) used for the measurements by all

Japanese participants.

Table 22. Isotopic composition of the COz in the six round-robin gases prepared for the NOAA-ICP experiment.

Cylinder §13C(CO,)* §13C(CO,)** 5'80(CO,)* 5'80(CO,)**
Identification %o %o %o %o
-9.025 -8.949 -24.072 -24.255
CBO9T39 +0.027 +0.009 +0.170 +0.011
CB100678 -8.806 -8.758 -9.607 -9.797
+0.013 +0.009 +0.060 +0.006
-8.679 -8.655 -1.278 -1.431
CBO9997 +0.026 +0.011 +0.027 +0.011
-8.673 -8.645 -1.347 -1.479
B09977
CBO99 +0.014 +0.007 +0.033 +0.010
- -8.719 -8.678 -2.091 -2.214
+0.024 +0.014 +0.042 +0.006
-8.772 -8.720 -3.510 -3.582
CB10036 +0.004 +0.011 +0.009 +0.017

*Measured by IRMS of TU
**Measured by IRMS of AIST
$Used for the WMO Round Robin 6

8.2. Measurement methods (NOAA-ICP)

Six laboratories (NOAA, Empa, JMA, MRI, NIES, and TU) participated in the
comparison of CO measurements for the NOAA-ICP experiment from May 2013 to

September 2014. Table 23 lists the participating laboratories and details about their CO
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analytical methods. NOAA and Empa measured the CO concentrations at the beginning and
end of the experiment to evaluate CO drift.

Six instruments from as many manufacturers and five different analytical methods were
used. NOAA and Empa reported their measurements in 2013 on the WMO X2004 scale.
The measurements made in 2014 were reported on the transitional X2014 scale. That scale
has since been finalized and was released in December 2015 as the WMO X2014A. The
standards for CO concentrations, first assigned in 1993, were revised to X2014A and are
available at www.esrl.noaa.gov/gmd/ccl/refgas.ntml. NOAA, Empa, and the JMA also
reported their results with respect to the X2014A. The three other laboratories, MRI, NIES,

and TU, used their own standard gas scales: MRI, NIES09, and TU2010, respectively.

Table 23. The six laboratories that participated in the NOAA-ICP and their CO analytical methods, instruments, and

calibration scales.

Laboratory  Method

Instrument

Standard scale

Range of
calibration gases

Number of

- Date of measurements
calibration gases

ICOS, N20/CO, WMO X2004 &
NOAA ICOS Los Gatos Inc X2014 Scales May 2013
QLC, mini-cw WMO X2004 &
Empa QLe Aerodyne Research X2014 Scales June 2013
TRA-1, WMO X2004 & 50 ppb -
JMA GC/HgO Round Science Inc. X2014A Scales 350 ppb 4 October 11, 2013 & June 5, 2014
MRI  GC/FID  AGIF(FID) MRI Scale 50 ppb - 5 December 3-7, 2013
Yanaco 500 ppb
AL5002 0 ppb - i
NIES VURF Aero-Laser, GbH NIES09 Scale 5000 ppb 4 February 1-2, 2014
TU GCHgo RGA TU2010Scale 0 PPP- 4 March 17-18, 2014
Trace Analytical Inc. 320 ppb
QLC, mini-cw WMO X2014A
Empa QLe Aerodyne Research Scale August 2014
NOAA  ICOS ICOS, N20/CO, WMO X2014A September 2014
Los Gatos Inc Scale

The five Japanese laboratories (JMA, MRI, AIST, NIES, and TU) measured not only

the CO concentrations but also the CO2, CH4, and N2O concentrations in the NOAA-ICP
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cylinders. The participating laboratories and their detailed analytical methods for measuring

COg, CHg4, and N2O are provided in Tables 24, 25, and 26, respectively.

Table 24. The five Japanese laboratories that participated in the NOAA-ICP for CO: and their CO2 analytical methods,

instruments, and calibration scales.

Laboratory  Method Instrument Standard scale _Ran_ge of _Num_ber of Date of measurements
calibration gases calibration gases
JMA NDIR VIA-510R, Horiba ~ WMO X2007 Scale 3504?4%“:)F;m 7 October 23, 2013 & May 30, 2014
. 350 ppm -
MRI NDIR LI-6252, Licor MRI 1987 Scale 6 November 19-22, 2013
430 ppm
AIST  NDIR VIA-500R, Horiba ~ TU2010 Scale 34053%":);m 6 December 27, 2013-January 19,2014
NIES  NDIR LI-6252, Licor NIES09 Scale 340 ppm - 8 January 28-29, 2014
450 ppm
. 350 ppm -
TU NDIR VIA-500R, Horiba ~ TU2010 Scale 430 ppm 6 February 19-March 6, 2014

Table 25. The five Japanese laboratories that participated in the NOAA-ICP for CH4 and their CH4 analytical methods,

instruments, and calibration scales.

Laboratory  Method Instrument Standard scale _Ran_ge of _Num_ber of Date of measurements
calibration gases calibration gases

JMA GC/FID G(.:-MBPF (FID), WMO X2004 Scale 1610 ppb - 5 October 19, 2013 & May 28, 2014
Shimadzu 2170 ppb

MRI crps  CRDS MRI Scale 1600 ppb - 5 November 26-30, 2013
Piccaro 2100 ppb
GC-14BPF (FID), 1010 ppb - y

AIST GC/FID Shimadzu AIST Scale 2530 ppb 4 January 6-21, 2014
HP5890 (FID), 1250 ppb -

NIE FID NIES94 I F 1-2, 2014

S GClI Agilent S94 Scale 2500 ppb 6 ebruary 1-2, 20

6890NF (FID), 1300 ppb - 3

TU GC/FID HP TU2008 Scale 2800 ppb 4 March 5-10, 2014

Table 26. The three Japanese laboratories that participated in the NOAA-ICP for N20O and their N2O analytical methods,

instruments, and calibration scales.

Laboratory ~ Method Instrument Standard scale _Ran_ge of _N“”Tber of Date of measurements
calibration gases calibration gases
GC-2014 (ECD), WMO X2006A 280 ppb -
JMA GC/ECD Shimadzu Scale 340 ppb 5 October 2, 2013 & July 2, 2014
NES ~ Ge/EcD  A9MentE890 ECD) kg o scale 250 ppb - 4 February 1-2, 2014
Agilent 400 ppb
Agilent 6890 (ECD), 320 ppb -
TU GC/ECD Agilent TU2006 Scale 370 ppb 3 February 25-26, 2014
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8.3. Results of NOAA-ICP

8.3.1. Results for CO (NOAA-ICP)

Table 27 provides the CO results for the six round-robin cylinders assayed by the
six laboratories. The analytical precision of most of the measurements in all the laboratories
was less than 0.8 ppb, although the MRI precision was larger due to the different analytical
method (GC/FID).

NOAA and Empa reported measurements on three versions of the WMO CO scale.
The results were sensitive to the version of the scale and the date of calibration. The results
of these two laboratories agreed within ~1.3 ppb on the 2014A scale, although the
differences between the JMA and NOAA ranged from ~1 to ~5 ppb.

CO concentrations in high-pressure cylinders are known to drift at rates of <1
ppb/yr. Empa and NOAA measured the air mixtures at the beginning and end of the
experiment to evaluate possible changes in the standards. However, the results were
inconclusive. Changes in the NOAA concentrations between the first and last

measurements were ~1 to ~1.6 ppb/yr. The Empa data indicated increases of ~0.6 to ~1.3

ppb/yr.
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Table 27. CO concentrations (ppb) measured during the NOAA-ICP experiment. The reported analytical precisions are

indicated in parentheses.

Cylinder Identifications

Laboratory CB09739 CB10067 CB09997 CB09977 CB09973 CB10036

NOAA * 51.9 (0.1) 99.1(0.1) 1534 (0.1)  1762(0.1)  236.0(0.1)  346.7(0.2)
NOAA 53.8(0.2)  1015(0.2)  156.3(0.1)  179.3(0.1)  239.6(0.1)  352.2(0.2)
Empa * 51.8 (0.1) 99.0(0.0)  153.2(0.1)  1757(0.1)  2357(0.1)  346.8(0.1)
Empa  *** 547(0.1)  102.3(0.0)  156.9(0.1)  179.6(0.0)  239.9(0.1)  351.7(0.1)
IMA  * 537(02)  100.9(0.2)  156.4(02)  179.6(0.2)  240.3(0.3)  348.9(0.3)
IMA  wx 55.9(0.2)  1029(0.2)  158.4(0.2)  181.8(0.2)  2432(0.3)  354.5(0.3)
MRI 55.7(3.0)  1058(1.8)  159.5(3.6)  182.4(L5)  2456(12)  359.8 (L5)
NIES 57.9(0.0)  106.0(0.0)  158.9(0.6)  181.8(0.4)  243.3(0.1)  355.0(0.8)
TU 51.9(0.3)  103.8(0.4)  162.2(0.4)  1859(0.3)  2455(0.4)  354.6(0.8)
IMA  * 54.4(04)  101.4(05)  157.2(0.6)  180.6(0.3)  242.3(0.4)  348.7(0.7)
IMA e 56.9(0.4)  103.3(0.5)  158.7(0.6)  182.2(0.3)  244.4(04)  354.3(0.7)
Empa  ** 552 (0.1)  101.8(0.1)  1555(0.0)  177.9(0.0)  237.6(0.1)  348.2(0.1)

Empa  *** 55.1 (0.1) 102.4 (0.1) 156.9 (0.0) 179.6 (0.0) 240.2 (0.1) 352.4 (0.1)

NOAA ** 54.6 (0.0) 101.6 (0.0) 155.9 (0.0) 178.6 (0.1) 239.5 (0.0) 352.4 (0.5)
NOAA  **= 56.1 (0.0) 103.4 (0.0) 157.9 (0.0) 180.6 (0.1) 241.2 (0.0) 353.7 (0.4)
* Reported on the WMO X2004 scale

** Reported on the WMO X2014 scale

***Revised on the WMO X2014A scale

Figure 8 shows the differences in the CO concentrations measured by each
laboratory (Laboratory X) and NOAA for the six cylinders. The concentrations of the
NOAA, Empa, and JMA experiments are based on the WMO X2014A scale in Figure 8.
The differences (Laboratory X minus NOAA) for these six cylinders ranged from —2 ppb to

+8 ppb and often exceeded the WMO compatibility criterion of £2 ppb.
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Figure 8. Differences (Laboratory X minus NOAA) of CO concentrations in six round-robin cylinders assayed for the
NOAA-ICP. The error bars represent the + measurement uncertainty reported by each laboratory. The dashed lines around

the zero line identify the WMO recommended criterion (£2 ppb) for CO measurement compatibility.

8.3.2. Results for CO2 (NOAA-ICP)

Table 28 summarizes the CO> results for the six cylinders assayed by the five
Japanese laboratories that participated in the NOAA-ICP experiment. Figure 9 shows the
differences of the CO> concentrations measured by each laboratory (Laboratory X) and the
NIES for the six cylinders. The results of the NOAA assays of two cylinders used at the
WMO/IAEA RR-6 experiment are also plotted. The differences (Laboratory X minus

NIES) ranged from —0.2 ppm to +0.3 ppm for these six cylinders.
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Table 28. CO2 concentrations (ppm) measured during the NOAA-ICP experiment. The reported analytical precisions are

indicated in parentheses.

Cylinder Identifications

Laboratory CB09739 CB10067 CB09997 CB09977 CB09973 CB10036
IMA 355.21 (0.012) 376.25 (0.014) 389.88 (0.007) 397.28 (0.012) 404.91 (0.009) 419.66 (0.011)
MRI 354.90 (0.007) 376.14 (0.015) 389.82 (0.014) 397.24 (0.015) 404.81 (0.008) 419.49 (0.012)
AIST 355.21 (0.008) 376.42 (0.008) 390.10 (0.011) 397.50 (0.008) 405.13 (0.008) 419.85 (0.013)
NIES 355.08 (0.00)* 376.20 (0.01)* 389.90 (0.01)* 397.29 (0.00)* 404.91 (0.01)* 419.64 (0.00)*
(+0.05)** (+0.05)** (+0.06)** (+0.06)** (+0.06)** (+0.05)**
TU 355.24 (0.01) 376.45(0.01) 390.16 (0.00) 397.56 (0.01) 405.20 (0.01)  419.87 (0.01)
IMA 355.22 (0.020) 376.28 (0.011) 389.89 (0.012) 397.29 (0.012) 404.92 (0.015) 419.67 (0.016)
*Corrected by isotope effect
**|sotope effect
L B CB09739 (355.08 ppm)
—_ L ® CB10067 (376.20 ppm)
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Figure 9. Differences (Laboratory X minus NIES) of CO2 concentrations for six round-robin cylinders assayed for the
NOAA-ICP study. The error bars represent the + measurement precision reported by each laboratory. The dashed lines
around the zero line identify the WMO recommended criterion (£0.1 ppm) for network compatibility in the Northern

Hemisphere.
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8.3.3. Results for CHs (NOAA-ICP)

Table 29 summarizes the CHas results for the six cylinders assayed by the five
Japanese laboratories that participated in the NOAA-ICP experiment. Figure 10 shows the
differences of the CH4 concentrations measured by each laboratory (Laboratory X) and the
JMA for the six cylinders. The NOAA results for two cylinders used in the WMO/IAEA
RR-6 experiment are also plotted. The differences (Laboratory X minus NIES) for these six

cylinders ranged from —2 ppb to +6 ppb.

Table 29. CHa concentrations (ppb) measured during the NOAA-ICP experiment. The reported analytical precisions are

indicated in parentheses.

Cylinder Identifications

Laboratory CB09739 CB10067 CB09997 CB09977 CB09973 CB10036

IMA 1569.8 (1.3)  1733.6(1.2)  1841.1(L4) 1879.9(1.8) 1937.4(L4)  2021.3(0.7)
MRI 1569.7 (0.2)  1734.3(0.2)  1843.7(0.2)  1882.7(0.2)  1940.2(0.3)  2025.7 (0.2)
AIST 1570.4 (1.3)  1735.2(L4)  1843.9(1.6) 1883.8(L7)  1940.1(1.8)  2025.4 (15)
NIES 1571.3(0.7)  1736.3(0.3)  1845.6(0.0)  1884.8(0.3) 19419 (1.4)  2027.2 (0.5)
TU 1570.7 (1.2) 17347 (15)  1843.0(14)  1882.7(L1)  1939.0(1.6)  2022.6 (L1)
IMA 1570.3 (1.2)  1732.7(L4)  1840.7(L1)  18795(L5) 19359 (L6)  2020.7 (L2)
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Figure 10. Differences (Laboratory X minus JMA) of CH4 concentrations in six round-robin cylinders assayed during the
NOAA-ICP experiment. The error bars represent the + measurement precision reported by each laboratory. The dashed

lines around the zero line identify the WMO recommended criterion (+2 ppb) for CH4 measurement compatibility.

8.3.4. Results for N2O (NOAA-ICP)

Table 30 summarizes the N2O results for the six cylinders assayed by the three
Japanese laboratories that participated in the NOAA-ICP N20 experiment. Figure 11 shows
differences in N2O concentrations measured by each laboratory (Laboratory X) and the
JMA for the six cylinders. The NOAA results for two cylinders used in the WMO/IAEA
RR-6 experiment are also plotted. The differences (Laboratory X minus NIES) for these six

cylinders ranged from —1.5 ppb to +0.6 ppb.
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Table 30. N2O concentrations (ppb) measured during the NOAA-ICP experiment.The reported precisions are shown in

parentheses.
Cylinder Identifications
Laboratory CB09739 CB10067 CB09997 CB09977 CB09973 CB10036
JMA 320.6 (0.3) 327.0 (0.5) 327.0 (0.4) 326.4 (0.3) 327.5(0.4) 329.3 (0.3)
NIES 318.7 (0.0) 325.2 (0.1) 324.9 (0.1) 324.4 (0.2) 325.8 (0.3) 327.3(0.2)
TU 319.6 (0.2) 326.3(0.2) 326.0 (0.2) 325.7 (0.2) 327.0 (0.4) 328.7 (0.3)
JMA 320.5(0.2) 327.1 (0.5) 326.8 (0.4) 326.8 (0.5) 327.8 (0.3) 329.0 (0.2)
3 B CB09739 (320.6 ppb)
L ® CBI10067 (327.0 ppb)
E A CB09997 (327.0 ppb)
= 7 ¥ CB09977 (326_4_1 ppb)
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Figure 11. Differences (Laboratory X minus JMA) of N2O concentrations in six round-robin cylinders assayed for the
NOAA-ICP study. The error bars represent the + measurement precision reported by each laboratory. The dashed lines

around the zero line identify the WMO recommended criterion (0.1 ppb) for N2O measurement compatibility.
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9. Discussion

9.1. Measurement precisions

In the iceGGO and NOAA-ICP experiments, all participating laboratories reported
measurement precisions, although their estimation methods differed. Figure 12 shows
frequency distributions of the measurement precisions reported by all participating
laboratories in Japan for CO. with NDIR, CHs4 with GC/FID, CO with GC/RGD and
VURF, and N.O with GC/ECD.

The CO. analyses with NDIRs were very precise. The precisions were less than
0.045 ppm for all of the laboratories, although different types of NDIRs were used. The
mean of all reported precisions for the CO> measurements was 0.014 ppm (n = 104). Most
of the CHs measurement errors were less than 2 ppb, although several precisions greater
than 3.5 ppb were derived from the extrapolated calibrations of the JMA. The mean of all
reported precisions for the CHs measurements was 1.4 ppb (n = 84), which was similar to
the overall precision of less than 1.5 ppb for the NOAA study, which involved use of a
GC/FID (Dlugokencky et al., 2005). The CO measurement precisions for the GC/RGD and
VURF methods were less than 1 ppb, but the precision of the GC/FID method used by the
MRI was larger. All reported precisions for the CO measurements were high, the mean
being 0.37 ppb (n = 34). The precision for the GC/FID method was especially large. Most
of the N2O measurement precisions with the GC/ECD method used by the NIES and TU

were less than 0.3 ppb, but larger precisions were often observed for the JMA
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measurements. The mean of all reported errors for the N2O measurements made by these

three laboratories was 0.31 ppb (n = 42).

30 35
CO, (NDIR) CH, (GC/FID)
0.014 ppm (Mean) i 1.4.ppb (Mean) |
40 - (n=104) 7 (n=84)
o] o]
i i 205 1
] ]
2 2
20} { BE®y ]
e e
10 |- -
10 | E
5 -

0 0
0.00 0.01 0.02 0.03 0.04 0.05 000405 203072 55 240 25 3007 35 07 48 (570

CO, Measurement Precision (ppm) CH, Measurement Precision (ppb)
25 16
CO (GC/HgO) _‘(20 (GC/ECD)
(VURF) Lo : &
20 / 0.3% ppb (Meah) e p;i(q]\\iean.l
(n=34) 12 L (n=12) J
except for GC/FID)
g 15 / i g 10 il
a a
L] L]
: : ]
2 2
o / 1 B / _
7 7
4 / 4
E ] /
0 0
0:0: 2025 1.0 1.5 20 25 30 35 40 45 540 00 02 04 06 08 10 12 14 1.6
CO Measurement Precision (ppb) N O Measurement Precision (ppb)

Figure 12. Frequency distributions of measurement precisions reported by all participating laboratories for CO2, CHya,

CO, and N20. Open bars in the case of CO represent the precisions of the GC/FID measurements.
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9.2. CH4 scale adjustment
CHa4 comparative data were collected from three experiments, iceGGO-1, iceGGO-

6, and NOAA-ICP, to address differences of CHs4 standard gas scales. These experiments
revealed a difference of ~ 12 ppb in the CH4 concentrations measured by the participating
laboratories. It was clearly apparent that the differences of the CH4 concentrations from the
JMA values (Laboratory X minus JMA) increase with an increase of the concentrations for

all the other laboratories (Figure 13).
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Figure 13. Differences of the measured CHa4 concentrations between participating laboratory and the JMA values as a

function of CH4 concentrations for the AIST, MRI, NIES, TU, NIPR, and NMIJ. The solid line represents the least-

squares fit to all data points from three experiments: iceGGO-1, iceGGO-6, and NOAA-ICP.
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The differences were therefore fitted with a linear regression line to examine their empirical
relationship as follows:
Cx — Cima = a + b(Cyma), (3)

where Cx and Cyvwa are the measured CHs concentrations of Laboratory X and JMA,
respectively. Table 31 lists the coefficients from the best fits of Eq. (3) for the six
laboratories. These linear relationships clearly revealed that the differences of the CHa
concentrations, which ranged from about 1550 to 2250 ppb, were well described by a
straight line. The correlation coefficients (r) exceeded 0.78 (Table 31). These results
indicate that all measured CHs concentrations from the six laboratories could be re-
calculated with a simple linear relationship to adjust the values to the same standard gas

scale.

Table 31. Coefficients obtained with linear least square fits of Eq. (3) to the differences of the CH4 concentrations from

the JMA values for the six laboratories.

Laboratory a b r

AIST -12.3 0.00833  0.97
MRI -20.3 0.01215  0.96
NIES -11.1 0.00846  0.87
TU -16.8 0.01059  0.78
NIPR -19.9 0.01102  0.96
NMIJ -10.8 0.00744  0.99

Figure 14 shows a frequency distribution of the differences of all CHs
concentrations (n = 70) from the JMA values for the three intercomparison experiments.

The differences were widely distributed from -3 ppb to 9 ppb, and they often exceeded the
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criterion for compatibility of CHs measurements (£ 2 ppb) recommended by the WMO.
This result strongly reflects differences in the CHs standard gas scales among the
participating laboratories. These differences were therefore re-calculated based on the linear
fit of Eq. (3) using the coefficients in Table 31, and their frequencies are shown in Figure
14. After a scale adjustment, the frequency distribution of the re-calculated differences
covered a relatively narrow range, from -2 ppb to +2 ppb with a mean near zero, with the
caveat that two data points deviated from this range. This result indicates that the re-
calculation of fits from our comparison experiments was suitable for making datasets
consistent by adjusting for differences of the standard gas scales by all participating

laboratories.
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Figure 14. Frequency distributions of differences of all CH4 measurements (n = 70) from the JMA for the three

intercomparison experiments before and after scale adjustments.
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9.3. CO scale adjustment

The CO comparison data were collected from two experiments, iceGGO-4 and
NOAA-ICP, to focus on the difference of CO standard gas scales. For the iceGGO-4, CO
concentrations in the two cylinders were found to increase with time during the
experimental period of about one year. These CO increases were described rather well by
linear regressions based on the three NIES measurements (Figure 15). The linear drift of
CO concentrations was estimated to be about +3.2 ppb/yr for the CPB28680 cylinder and
+4.7 ppb/yr for the CPB16249 cylinder. A similar CO concentration increase was also
found in all six cylinders during the NOAA-ICP experiment when the measurements of the
NOAA and Empa at the beginning and the end of the experiment were compared (Figure
8). The average linear drift of the CO concentrations for the NOAA-ICP experiment was
estimated to be about 1 ppb/yr, which was smaller than the drift for the iceGGO-4

experiment, probably due to the difference of cylinder volume.
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Figure 15. Changes of CO concentrations in the two cylinders (CPB28680 and CPB16249) with elapsed time during the

iceGGO-4 experiment. The slopes of the linear regression lines represent CO drifts of +3.2 ppb/yr and +4.7 ppb/yr.
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All reported CO values were therefore corrected based on the estimated drifts as
stated above, and they were then compared to calculate the differences of CO
concentrations among the participating laboratories. These results revealed a difference of
~16 ppb for the corrected CO measurements among all the laboratories. It was apparent that
the differences of the CO concentrations from the NIES values (Laboratory X minus NIES)
were rather well described by a linear regression line, although the TU and NIES

relationships were described by two regression lines (Figure 16).
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Figure 16. Differences of the measured CO concentrations between participating laboratory and the NIES values as a
function of CO concentrations for the MRI, TU, IMA, NMIJ, NOAA, and Empa. The solid line represents a least-squares
fit to all data points from two experiments, iceGGO-4, and NOAA-ICP. The TU-NIES relationships, however, were

described by two regression lines.
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The differences for each laboratory were fitted by a linear regression line to examine their
empirical relationships as follows:
Cx—-Cnies=a+b(Cnies), (4)

where Cx and Cnies are the corrected CO concentrations of Laboratory X and the NIES,
respectively. Table 32 lists the coefficients from the best fits of Eq. (4) for the six
laboratories. These linear relationships clearly revealed that the differences of the CO
concentrations, which ranged from about 50 ppb to 350 ppb, depended on the CO
concentrations. These results indicate that all of the CO measurements from the six
laboratories could be re-calculated with a simple linear relationship to adjust the values to a

common standard gas scale.

Table 32. Coefficients obtained by linear least-squares fits of Eq. (4) to the differences of the drift of the corrected CO

concentrations from the NIES values for the six laboratories.

Laboratory a b r Range of CO
(ppb)
MRI -3.25 0.024 0.93 50-350
TU -11.03 -0.086 0.99 50-170
TU 8.84 -0.032 0.90 170-350
JMA -1.38 -0.003 0.24 50-350
NMIJ -0.16 -0.003 1.00 250-350
NOAA -2.95 0.003 0.45 50-350
Empa -2.77 0.002 0.03 50-350
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Figure 17 shows frequency distributions of the differences of all CO measurements
(n = 38) from the NIES values for the two intercomparison experiments before and after
scale adjustments. The differences before the scale adjustments were widely distributed,
from -8 ppb to +8 ppb, and they often exceeded the criterion for compatibility of CO
measurements (x2 ppb) recommended by the WMO. This result strongly reflects
differences in the reference CO standard gas scales among the participating laboratories.
The differences were therefore re-calculated based on the linear fit of Eq. (4) using the
coefficients in Table 32, and their frequency distribution is shown in Figure 17. The
frequency distribution after the scale adjustment was narrower, the range of differences
being —2 ppb to +2 ppb with a mean near zero, with the caveat that several data points
deviated from this range. This result indicates that the re-calculated fits from our
comparison experiments are suitable for making consistent datasets from the observed CO
concentrations from all the laboratories by adjusting the difference of the CO standard

scales.
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Figure 17. Frequency distributions of the differences of all the CO measurements (n = 38) from the NIES values for the

two intercomparison experiments before and after scale adjustments.

9.4. CO; scale adjustment

The CO2 measurement biases from the NIES values, estimated from Figure 18 using
the results of the iceGGO-2 experiment, were 0.21 ppm for the TU, 0.16 ppm for the AIST,

and 0.25 ppm for the NIPR. In contrast, the difference between the JMA and NIES values
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clearly decreased with increasing CO2 concentration. The relationship could be fitted

according to the linear equation Cyva — Cnies = 0.867 + 0.0020602(Cjma), where Cyma and

Cnies are the CO2 concentrations measured by the JMA and NIES, respectively.
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Figure 18. Differences of the measured CO2 concentrations between participating laboratories and the NIES values as a

function of CO2 concentrations for the AIST, TU, NIPR, and JMA. The AIST and TU used two different analyzers. The

solid line represents the estimated scale bias based on all data points from the iceGGO-2 experiment, which was based on

six round-robin cylinders with isotopically lighter CO2 derived from combusted petroleum.
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Taking into consideration these estimated biases, the differences from the NIES
values were re-calculated, and the values were then compared before and after the scale
adjustment (Figure 19). The large deviations of the differences among the laboratories were
significantly reduced after re-calculation, and the averaged differences were smaller. It was
apparent that most of the CO2 measurements from all six laboratories could be adjusted to

within £0.02 ppm based on the measurement scale biases from the iceGGO-2 experiment.
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Figure 19. Frequency distributions of differences of all CO2 measurements (n = 21) from the NIES values for the

iceGGO-2 experiment before and after scale adjustments.
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9.5. CO isotope effect

In general, the NDIR analyzers used for the CO> measurements have mechanisms to
reduce the interference effects from other infrared-active species. In the case of the LI-COR
NDIR analyzers, including the LI-6252, optical bandpass filters designed to transmit
wavelengths for a fundamental absorption band of '2C*60, are placed between the sample
cell and the detector to enhance the selective sensitivity to the CO,. Unfortunately, the
bandpass filter blocks a substantial part of the absorption band of *3C*0,, because the
absorption region for *C*0; in substantial part overlaps those of N,O and CO. Therefore,
the LI-COR NDIR analyzer has different relative molar sensitivities to the different CO>
isotopologues (*2C*0,, 13C0,, 12C801Q, etc) that could potentially result in different
responses to CO»-in-air samples with the same bulk CO. mixing ratio but different isotopic
compositions (Tohjima et al., 2009). This feature of the LI-COR NDIR analyzer resulted in
significant errors in the measurement of the CO> mixing ratio of the ambient air sample
because the CO. standard gases of all the laboratories participating in the iceGGO
experiments were mixtures of purified natural air and isotopically light CO, gases derived
from combusted petroleum.

In the iceGGO-2 and iceGGO-3 interlaboratory comparison experiments and the
NOAA-ICP, three types of NDIR analyzers, VIA-500R, VIA-510R, and LI-6265, were
used to measure the round-robin gas concentrations with a wide range of CO; isotopic
compositions. We thus evaluated the isotope effects of the NDIR analyzers by using the
results of the 12 cylinders for which the CO: isotopic compositions were significantly

different from those of the CO; standard gases used in each laboratory (Table 33). The
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apparent differences in the measured CO. mixing ratios caused by the NDIR isotope effect
were evaluated as follows. First, the CO2 mixing ratios for the 12 cylinders determined by
the AIST, JMA, and TU were converted to values based on the NIES CO: scale by using
the adjustment factors described in section 9.4. Then, the differences of the adjusted CO>
mixing ratios from the NIES values were computed (Table 33). Because the CO2 mixing
ratios determined by the LI-6252 at the NIES were precisely (within £0.01 ppm) corrected
for the isotope effect by adopting the approach of Tohjima et al. (2009), we considered

these apparent differences to be due mainly to the isotope effect of the NDIR analyzers.

Table 33. Summary of CO2 mixing ratios and isotopic values (6*3C and 6'80) for the 12 round-robin cylinders used to

evaluate the isotope effect of the five NDIR analyzers?.

Cylinder # COunies sBCe BOo° COyx-COynies®

NIES(6252)  %o,VPDB AIST(6252) AIST(500R)  JMA(510R) TU(S00R)  TU(6252)
iceGGO-2
CPB28548 370.06(2) 57.3 -284 -0.29(2) -0.05(2) -0.18(2) -0.01(2) -0.34(2)
CPB16443 406.02(1) -8.8 0.4¢ -0.14(2) -0.02(2) -0.06(2) -0.01(2) -0.12(3)
CPB29524 409.31(1) -9.0 0.4¢ -0.14(2) -0.02(2) -0.06(1) 0.00(1) -0.12(2)
iceGGO-3
CPD00070 379.55(1) -8.9 -13.0 - -0.03(2) -0.04(2) 0.00(1) -0.10(1)
CPD00076 399.18(1) -9.0 -132 - -0.01(2) -0.08(2) 0.00(1) -0.11(2)
CPD00069 417.78(1) -89 -13.1 - -0.02(2) 0.01(2) -0.02(1) -0.11(1)
NOAA-ICP
CB09739 355.08(00) -8.9 -243 - -0.03(1) 0.00(2) -0.05(1)
CB10067 376.20(1) -8.8 -9.8 - 0.06(1) -0.03(2) 0.04(1)
CB09997 389.90(1) -8.7 -14 - 0.04(1) -0.08(1) 0.05(1)
CB09977 397.29(00) -8.6 -15 - 0.05(1) -0.06(1) 0.06(1)
CB09973 40491(1) -87  -22 - 0.06(1) -0.03(2) 0.08(1) -
CB10036 419.64(00) -8.7 -3.6 - 0.05(1) 0.02(1) 0.02(1) -

aUncertainty of the last digit is expressed by parentheses.

bCalculated after the CO2 mixing ratios for the individual laboratories are adjusted to the NIES standard scale by
using the adjustment factors described in section 9.4.

CIsotope ratios are measured by AIST except CPB28548, CPB16443, and CPB29524, which are measured by NIES.
dAssumed to be the same as the values for the atmospheric CO2 given in Tohjima et al. (2009).
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Figure 20 shows the apparent differences in the CO2 mixing ratios of the 12 round-
robin cylinders determined by the five NDIR analyzers. It is of interest that the apparent
differences for the two VIA-500R analyzers used at TU and AIST were within £0.1 ppm,
even when the ¥C-enriched COg-in-air mixture in the CPB28548 cylinder (6**C =
+57.3 %0) was measured. This result indicates that correction for the isotope effect was
unnecessary for the CO, measurements made with the VIA-500R analyzers. In contrast, the
VAI-510R and LI-6252 analyzers clearly showed negative differences (Laboratory X —
NIES) due to the isotope effect, whereas the magnitudes of the differences for the LI-6252
were twice those for the VAI-510R.

We evaluated the observed isotope effects by adopting the approach used by
Tohjima et al. (2009). We assumed that the VIA-500R and VIA-510R analyzers also used
the same type of bandpass filter as the LI-COR analyzer. First, a gravimetric mixture of
pure 3CO2 gas and purified natural air was measured by each NDIR analyzer. All the NDIR
analyzers gave *CO, mixing ratios that were substantially lower than the gravimetric
values of about 380 ppm and 400 ppm (Table 34), and the apparent 3CO, mixing ratios
were related to the overlap between the absorption band of ¥CO, and the wavelength
transmitted by the bandpass filters for the NDIR analyzers. Thus, the position of the
bandpass filter in the wavenumber domain was determined from the apparent 3CO, mixing

ratio for each NDIR analyzer.

62



TECHNICAL REPORTS OF THE METEOROLOGICAL RESEARCH INSTITUTE No.79 2017

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1
{4 B | CcB10036
B AIST-LI (Obs)
1 B AIST-500(0Obs) e [ CB09973
] S rem————= | CB09977
- 1] e - CB09997
i — | |
E NOAA-ICP —— e | CB10067
o - L CB09739
3 I T ——
-L_;; ] H— L CPD00069
{ | icecGO-3 T — | CPD00076
] "Eﬁ: L CPD00070
| 4 icecG0-2 E L CPB16443
—= |
] : ;' L CPB28548
'v L e 1 e e B B I S EE S B B
0.4 0.3 0.2 0.1 0.0 0.1

ACO,, (Laboratory X - NIES) [ppm]

Figure 20. Differences of CO2 mixing ratios determined by the five NDIR analyzers at the three laboratories from those
determined by the LI-6252 analyzer at the NIES for the 12 round-robin cylinders. The differences in the CO2 standard
scales between the laboratories were adjusted to the NIES scale, and the CO2 mixing ratios given by the NIES were
corrected for the isotope effect of the NDIR analyzer. The plotted CO2 differences are thus considered to reflect mainly the

isotope effect of the individual NDIR analyzers.
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Table 34. Apparent mixing ratios of gravimetric 13COz-in-air mixture determined by NDIR analyzers.

Laboratory NDIR NDIR Detector Measurement date Bco, Measured *CO,

(ppm) (ppm)

AIST Beckman880 microphone condenser 2008/12/10 380.13 23.54
AIST L16252_IRG2-408* semiconductor 2012/5/27 400.11 32.50
AIST L16262-1237 semiconductor 2008/12/2 380.13 39.41
AIST BINOS MLT3.1 flow sensor 2008/12/9 380.13 51.97
AIST L16262-1333 semiconductor 2008/12/1 380.13 61.14
AIST L16262-452 semiconductor 2008/12/1 380.13 72.44
AIST VIA-500R* microphone condenser 2008/12/1 380.13 76.07
MRI LI7000_IRG4-0768 semiconductor 2011/10/4 380.13 16.35
MRI L16252_IRG2-0568* semiconductor 2011/10/4-5 380.13 30.47
MRI LI7000_IRG4-0799 semiconductor 2011/10/5 380.13 30.56
MRI Binos 4.1b flow sensor 2008/2/1 380.13 67.67
MRI VIA-510R microphone condenser 2008/11/15 380.13 73.10
NIES L16252_IRG3-645 semiconductor Tohjima et al. (2009) 380.00 27.34
NIES L16252_IRG2-654* semiconductor Tohjima et al. (2009) 380.00 45.68
NIES L16252_IRG2-246 semiconductor Tohjima et al. (2009) 380.00 93.66
TU L16252* semiconductor 2012/12/13 380.13 29.72
TU VIA-500R* microphone condenser 2012/12/13 380.13 82.59
IMA VIA-510R* microphone condenser 2013/05/01&06/04 380.13 50.52
IMA LI17000_IRG4-0767 semiconductor 2013/5/1 380.13 19.97
JMA L17000_IRG4-0926 semiconductor 2013/6/4 380.13 24.19

*NDIR instruments used for the iceGGO experiments

Finally, we could evaluate the isotope effect of each NDIR analyzer for any CO»-in-
air mixture by taking into account the fractional abundances of CO. isotopologues, which
are easily calculated from ¢6C and §'®0 values (Tohjima et al., 2009). The calculated
apparent differences of the CO, mixing ratios for the round-robin cylinders for the
individual NDIR analyzers are plotted in Figure 21. In the calculations we assumed that the
isotopic compositions of the CO; standard gases used by the AIST, JMA, and TU were the

same as those used by the NIES. As is apparent, the data for the L1-6252 analyzers, shown
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as circles and triangles in the figure, were scattered around the 1:1 line of the relationship,
the indication being that the isotope effect of the LI1-6252 analyzer could be rather well
predicted with the approach of Tohjima et al. (2009). However, this approach cannot
necessarily evaluate the isotope effects of the other NDIR analyzers satisfactorily,

especially the VIA-500R.
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Figure 21. Relationship between the observed and calculated apparent differences in the CO2 mixing ratios for the 12
round-robin cylinders caused by the isotope effects of the five NDIR analyzers. The observed values are the differences of
the CO2 mixing ratios determined by the AIST, TU, and JMA from those determined by the NIES (Laboratory X — NIES)
after the standard scales of the three laboratories were adjusted to that of the NIES. The straight line represents the 1:1

relationship.
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9.6. N0 scale adjustment

The N2O comparison data were collected from two experiments, iceGGO-5 and
NOAA-ICP, to focus on the difference of the N2O standard gas scales. Figure 22 shows the
differences of the measured N2O concentrations between the participating laboratories and
the NIES as a function of the N.O concentrations. The concentrations measured by the TU
and AIST were higher by about 1 ppb than those measured by the NIES using the GC/ECD
method. The values measured by the MRI and JMA with the ICOS were also higher than
those measured by the NIES. These results indicate that all measured N2>O concentrations
from the five laboratories could be re-calculated with simple linear relationships that would
greatly reduce the standard scale differences. However, the reduced differences often
exceeded the compatibility criterion for N2O measurements (0.1 ppb) recommended by
the WMO because that goal is not easily achieved. The relationship between the NOAA and
NIES values revealed a systematic difference between the iceGGO-5 and NOAA-ICP
experiments. This difference was not observed in the relationship between the JMA and
NIES concentrations measured via GC/ECD. Because the relatively large uncertainty of the
GC/ECD analysis remained, further and more accurate comparisons using a high-precision
mid-IR laser-based instrument will be needed to validate the differences of the N.O

standard gas scales.
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Figure 22. Differences of the measured N20O concentration between participating laboratories and the NIES as a function
of N20 concentrations for the TU, AIST, MRI, JIMA, and NOAA datasets. The solid line represents a least-squares fit to

all data points from the iceGGO-5 and NOAA-ICP experiments.
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Bottom Pressure Observation South off Omaezaki, Central Honsyu. (Seismology and Volcanology Research Division and
Oceanographical Research Division, 1984)
A AT OIRKIEDOKET (F#AT5EES, 1984)
Statistics on Cyclones around Japan. (Forecast Research Division, 1984)
SRR & RRIGYE Ok BT A58 (% T RFFEET, 1984)

Observations and Numerical Experiments on Local Circulation and Medium—Range Transport of Air Pollutions.
(Applied Meteorology Research Division, 1984)
KITEBN AR A B 2078 (MU ILIAFZEES,  1984)

Investigation on the Techniques for Volcanic Activity Surveillance. (Seismology and Volcanology Research Division,
1984)
KGRI RKIKRMEERET L — 1 (MRl - GCM— 1) (T$F7EE, 1984)
A Description of the MRI Atmospheric General Circulation Model (The MRI + GCM— 1 ). (Forecast Research Division,
1984)
BROWEEDZEAL & RIS D78 — B 7916 D—42— (R EWFZEES, 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)
BORHER E 7 /L MRI & MRI— IT OFR A LTSS — FHERE R —  (BERATSER, 1985)
An Intercomparison Study between the Wave Models MRI and MRI — I — A Compilation of Results —
(Oceanographical Research Division, 1985)
HIER AN BE3 2 F2BRAD M OV BEERAOATZE (R K LA ERT, 1985)

Study on Earthquake Prediction by Geophysical Method. (Seismology and Volcanology Research Division, 1985)
Jedeekit B A KRR ZER (FWAT7ER, 1986)

Maps of Monthly Mean Surface Temperature Anomalies over the Northern Hemisphere for 1891—1981. (Forecast
Research Division, 1986)
g R DTS (G ERITZEES, [RRMRENTIER, TRT7eE, it <EglilliT, 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— =Xl LK% - MBROUE (KGRI - BRI - TMOTZER - IS K[RITIEES - 1
TERFSEES, 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)
LRGP E KK KREERET /L (MRl - GCM— 1) (C K2 12 /5 OFE5 (TS, 1986)

Mean Statistics of the Tropospheric MRI + GCM— 1 based on 12 —year Integration. (Forecast Research Division, 1986)
FHTAR T R 1983—1986 (B ERAFSCES, 1987)

Multi— Directional Cosmic Ray Meson Intensity 1983 — 1986. (Upper Atmosphere Physics Research Division, 1987)
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LSRG R TOE DY | Bitg DM KT — 2 (8D < EKTEB OEHTIC B D AF5E (R X LRFFEES, 1987)
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)

A= 7 MR (RS 1E, DURE(S1T, 1988)

Marine Climatological Atlas of the sea of Okhotsk. (Y. Shinohara and N. Shikama, 1988)

W RGBT 7 V% AT BD R ) ST 2 RTEE DO IRNE £ G ETEERS, 1989)

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

RVEIS BT DHFTEREE R DT A0 (EETZERS,  1989)

Seasonal Mean Distribution of Sea Properties in the Pacific. (Oceanographical Research Division, 1989)
HBRIIKREOT — & _—2  (HE K LAFFEES, 1990)

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

I 123 DRI OREAK S AT Lo FsE (B EMFZER, 1991)

Characteristics of Precipitation Systems During the Baiu Season in the Okinawa Area. (Typhoon Research Division, 1991)
K[REWFFERT « THITFEE CHRYE SN2 MK EE TV (B8)1IDCBL - FRRFIkE, 1991)

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

EORINHBFEIET DA RINZE GEITTEE - WELKEITIEES - G KEIIZEE « AR /2 - Bl 2T A
WEZEHE « B EWTZEHRS, 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)

K& EMRTE - 1R & DT RV F—ZHBRICET 2098 (= LIER - BERER - B & - LKA, 1992)
Studies of Energy Exchange Processes between the Ocean— Ground Surface and Atmosphere. (M. Mikami, M. Endoh, H.
Niino, and K. Yamazaki, 1992)

FE7K H O HBUREE D & BT H AR D ZHHER — 30 MM O A B K BB BHI D < fit— (BKiuiZE+, 1993)
Seasonal Transition in Japan, as Revealed by Appearance Frequency of Precipitating-Days. — Statistics of Daily
Precipitation Data During 30 Years— (T. Akiyama, 1993)

BT RUHR A B 2 BURIAORTZE (IR LFSERT, 1994)

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

BRI GBIIBERR T X 2 LBl (RS - Bl S 27 LHFZEHS, 1994)

Intercomparisons of Meteorological Observation Instruments. (Meteorological Satellite and Observation System Research
Department, 1994)

B s L O R BRBERS £ 7L & T O 7 Mk~ H - O AR R BFZEES,  1995)

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

VAL RTRT 74T L DRBOBUEONTE (REHE - BT AT LHFFEER, 1995)

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

FeK - V& TR O N LHURPEREAR O 43471 K OVE O HIER(LFHIRFFE (MUER(L R FE58, 1996)

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

KA L WHEOHERALERIRTZE (1995 4K O 1996 4F)  (MUER{LZEAFJERS, 1998)

Geochemical Study of the Atmosphere and Ocean in 1995 and 1996. (Geochemical Research Department, 1998)

FhIE 2 VOTHERMIZ I (GATE, 1999)

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

HB T MBI OTE (FHRHFIEES, 2000)

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

A BB d61T 2 S 0 5 & BRI BE 9~ 2 058 (MuER K ILIARFZEH8,  2000)

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

BRI EIEIC X 2WKP O RIEIRE O SREE TR LRG0 bR E & WK O RO HUR R SR
FNLIREEDRIE CHHFES - &)1 - kaBF5F, 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 (1.Masao, H.Y.Inoue and H.Matsueda, 2000)
KEGMTEFT BT Bt — IR e 70 Gringt - IigiEs - kKFAE - =356 L, 2001)
Documentation of the Meteorological Research Institute / Numerical Prediction Division Unified Nonhydrostatic Model
(Kazuo Saito, Teruyuki Kato, Hisaki Eito and Chiashi Muroi, 2001)

REB LMK PO 7 oo 7vAad—RHORERE & [REMFIT 7 v 7 A d—R R 20
filesr (Rghelez - - L(E)I)ASE, 2004)

Precise measurements of atmospheric and oceanic chlorofluorocarbons and MRI chlorofluorocarbons calibration scale
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(Takayuki Tokieda and Hisayuki Y. Inoue, 2004)

PostScript == — R & L9 2 il Y —/L"PLOTPS"~ == 7/ (g2, 2004)

Documentation of "PLOTPS": Outputting Tools for PostScript Code (Teruyuki Kato, 2004)

RET R OREIEFNT BT D " WAL R R O RWBINAE N SR ET A DA r—)b & & DL EMEO B
BT DA - PSR (RN - ZHE— A - EREMEE 1 - FEALET - 3% A - B - 3R 2R - RO
& B MRKFNZE « RITFHE « HEHER] - S 2FENL - 1A 38 - R THW - SkEER - foE 52, 2004)
Re-evaluation for scale and stability of CO2 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
lwano, Osamu Yamamoto, Hideaki Morishita, Kamata, Akira Wada, 2004)

HER AW OFEM2TT U o 2 & B B R R A OHEE R EE R EICBY A 0F%8 (MU UBFSEEs,  2005)
A Study to Improve Accuracy of Forecasting the Tokai Earthquake by Modeling the Generation Processes (Seismology
and Volcanology Research Department, 2005)

KEGHFZeFT It M EE T v (MRLCOM) fifah (MEPERFFZEES, 2005)

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

H AR B E O RK R & N TSI O /TREMEIC BT 20198 (MBRRGAFJEES - T ¥RAFSEES, 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 £ A A LG ROMEE & 8Ri5Y; (5 RAFSEES, 2006)

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

SREAR SR E FAVE AR ERAT HE D 2003 A E RS F B S (F1ILER, 2006)

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

KREIS L O P ORBIMESR 7 AU (SFe) DRIEFIED S AL L SFeAFEYE T 2 D RMZ MO (Rekhe
Z. FHEDR . FRE . Rl H, 2007)

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

HUERIRIEAKIT & 2 BALHDT D KUBEZAGIC T 20178 (BB KRR R, R - IS8, 2008)

Study of Climate Change over Tohoku District due to Global Warming (Sendai District Meteorological Observatory,
Atmospheric Environment and Applied Meteorology Research Department, 2008)

KITEENFAG FiE OB ZEAF Y (M K LA SEES, 2008)

Studies on Evaluation Method of Volcanic Activity (Seismology and Volcanology Research Department, 2008)

HARIZI T DIGHERMEHERS O R 7 m 5B XD KUEFHE T AT 22K 5 BKr ORIE S AT AOREEE
K UN1995 x5 2006 FORERR (FINETR, HIFER, BBV C, TLHEERA, AT, i ¥, Hartmut
Sartorius, Clemens Schlosser, Wolfgang Weiss, 2008)

Establishment of a cold charcoal trap-gas chromatography-gas counting system for 85Kr 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)

FEMREIC & 2 4 FEO RS R o i (P eth, Al B, DFES1T, 2008)

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

CMIP3 w VW FETNT w4 TR 2RI L TR O KR - oKk oHEE OKH 58, RIS, 174K
ks, 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)

PAVERE 1 0D 7 & —& L& T2 o e BEvE B B 0 AT 2518 L Dk O S EE pHTIE G 75, AJFHEDR, &%
JI &, FHLE G5 ASE, 2008)

Precise Spectrophotometric Measurement of Seawater pHt with an Automated Apparatus using a Flow Cell in a Closed
Circuit (Shu Saito, Masao Ishii, Takashi Midorikawa and Hisayuki Y. Inoue, 2008)
Sk R TE PV /R 4 0> 2006 4 [E B 3L [R] 52 i 25 (F 1L5E 9%,J. Barwell-Clarke, S. Becker, M. Blum, Braga E.S.,
S. C. Coverly, E. Czobik, I. Dahlléf, M. Dai, G. O Donnell, C. Engelke, Gwo-Ching Gong, Gi-Hoon Hong, D. J. Hydes,
Ming-Ming Jin, &P /LE, R. Kerouel, A% 1-, M. Knockaert, N. Kress, K. A. Krogslund, REASIESE, S. Leterme,
Yarong Li, HHER, =R 2, T. Moutin, #H &2, KIFEH, G Nausch, A. Nybakk, M. K. Ngirchechol, /511355,
J. van Ooijen, KHZF5F0, J. Pan, C. Payne, O. Pierre-Duplessix, M. Pujo-Pay, T. Raabe, ZRiE—i, VcikE—ER, C.
Schmidt, M. Schuett, T. M. Shammon, J. Sun, T. Tanhua, L. White, E.M.S. Woodward, P. Worsfold, P. Yeats, &#t %%, 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.
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Sato, C. Schmidt, M. Schuett, T. M. Shammon, J. Sun, T. Tanhua, L. White, E.M.S. Woodward, P. Worsfold, P. Yeats, T.
Yoshimura, A. Youénou, J. Z. Zhang, 2008)
REHTFEFTIE IV EE 7 L (MRIL.COM)ES 3 Jltfigan GEBr i, AFEER, Al —88, R, hifss, hE
BS, ZZHERSE, Al (KGAFERTERFJEEs) | 2010)
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)
SRAR SR E VKA ARAT HE D 2008 FEBR LR KB #HE (FILER, Carol Anstey, Janet Barwell-Clarke, Francois
Baurand, Susan Becker, Marguerite Blum, Stephen C. Coverly, Edward Czobik, Florence D’ amico, Ingela Dahllof,
Minhan Dai, Judy Dobson, Magali Duval, Clemens Engelke, Gwo-Ching Gong, Olivier Grosso, “FEILIfE %, - _E1#aL,
=, David J. Hydes, % 74 /x¥#, Roger Kerouel, Marc Knockaert, Nurit Kress, Katherine A. Krogslund, REZA1EE,
Sophie C. Leterme, Claire Mahaffey, ¢ HJ, Pascal Morin, Thierry Moutin, Dominique Munaron, #F H & 2, Guinther
Nausch, /INI13#%52, Jan van Ooijen, Jianming Pan, Georges Paradis, Chris Payne, Olivier Pierre-Duplessix, Gary Prove,
Patrick Raimbault, Malcolm Rose, 75 —1{i%, A7z, Va8, Cristopher Schmidt, Monika Schiitt, Theresa M.
Shammon, Solveig Olafsdottir, Jun Sun, Toste Tanhua, Sieglinde Weigelt-Krenz, Linda White, E. Malcolm. S. Woodward,
Paul Worsfold, 254§ %%, Agnés Youénou, Jia-Zhong Zhang, 2010)
2008 Inter-laboratory Comparison Study of a Reference Material for Nutrients in Seawater (¥ [L13& 5%, Carol Anstey, Janet
Barwell-Clarke, Frangois Baurand, Susan Becker, Marguerite Blum, Stephen C. Coverly, Edward Czobik, Florence D’
amico, Ingela Dahllof, Minhan Dai, Judy Dobson, Magali Duval, Clemens Engelke, Gwo-Ching Gong, Olivier Grosso,
(g, H Ridak, A B =, David J. Hydes, % 75/A¥E, Roger Kerouel, Marc Knockaert, Nurit Kress, Katherine A.
Krogslund, AE41Et, Sophie C. Leterme, Claire Mahaffey, Yt FHJ, Pascal Morin, Thierry Moutin, Dominique Munaron,
M B 2, Gunther Nausch, /NI 52, Jan van Ooijen, Jianming Pan, Georges Paradis, Chris Payne, Olivier
Pierre-Duplessix, Gary Prove, Patrick Raimbault, Malcolm Rose, 75§ — 5, k7=, {7 5, Cristopher
Schmidt, Monika Schiitt, Theresa M. Shammon, Solveig Olafsdottir, Jun Sun, Toste Tanhua, Sieglinde Weigelt-Krenz,
Linda White, E. Malcolm. S. Woodward, Paul Worsfold, % #1%%, Agnés Youénou, Jia-Zhong Zhang, 2010)
TR A b 7o B TRRRIEACHE D RS DRI K ORI - BEhis L o T IICBT 28198 (RIRE KA S A -
ERMAFRGE R RE R - BRI R[EE MBI F KRG & - PR R e - RIS [ A - B E
FREE AR SRS RS HT R 6 - B KRG H - TIRAFJEES, 2010)
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)
WWRP LAY ¥ 7 2008 TR FEEFMFFERATE T v o = 7 b CEEEFIgE, BIHRE, JREGL, WEdsL, JFARA, W
HoRE, —MFRE, R, 2010)
WWRP Beijing Olympics 2008 Forecast Demonstration/Research and Development Project (BO8FDP/RDP) (Kazuo Saito,
Masaru Kunii, Masahiro Hara, Hiromu Seko, Tabito Hara, Munehiko Yamaguchi, Takemasa Miyoshi and Wai-kin Wong,
2010)
R HIEE O T RS R ) R OV - B HIER O R AEVEIB R O (HUFR K LAFZEES, 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)
K[REWFEFTHIER S A7 LB T VE 1R (MRI-ESML) —E 7 /L Dilid— (TR, SAHE, RIRAEZ, WA
L, I, R, HRRE, WAEE, MIE, RS, RN, KR, B, RN, A
M, 2011)
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)
W7 7 Mk O KRG K ERSE L FATIT GRRRfrE, BEML, MMES, Wd0L, B, A, LE R,
JIFR S, AmE, KIEERFE, Nurjanna Joko Trilaksono, #7715, W BIEH, Le Duc, Kieu Thi Xin, #{af,
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)
REIC I T 2 KA —MHER LR FE 7 T v 7 ARHEETFIE (AR Z, FAEZE, AHHS, )1, 2012)
A method for estimating the sea-air CO2 flux in the Pacific Ocean (Hiroyuki Sugimoto, Naotaka Hiraishi, Masao Ishii and
Takashi Midorikawa, 2012)
KPP T D KRR —MER bR FE 7 7 v 7 AMEEFiIE (B8, R, B, FERES, A
B, APRHOKES, J5RER O, EEfnSE, e, WEORER, KRR, WAL, 2012)
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Development of a flask sampling and its high-precision measuring system for greenhouse gases observations using a cargo
aircraft C-130H (Kazuhiro Tsuboi, Hidekazu Matsueda, Yousuke Sawa, Yosuke Niwa Masamichi Nakamura, Daisuke
Kuboike, Shohei Iwatsubo, Kazuyuki Saito Yoshikazu Hanamiya, Kentaro Tsuji, Hidehiro Ohmori, Hidehiro Nishi, 2012)
EE S AR T A EFEBEE -7 oy g (I EFEA, Weijun L, Peter.R.Buseck, [if] FHAGHE, G
W, BIOEFE], BRAMET, RSP, HERREE, SIRTER, BRI, KRBR, BMIFMCE, Ao, K, Pradeep
Khatri, H1IL =, MHF, KA, BILEC, SOARER, EVLE, WAtk =, SERUKEES, BhRl, =5
i+, 2013)
International Symposium on Aerosol Studies Explored by Electron Microscopy (Yasuhito Igarashi, Weijun Li, Peter. R.
Buseck, Kikuo Okada, Daizhou Zhang, Kouji Adachi, Yuji Fujitani, Hikari Shimadera, Daisuke Goto, Chizu Mitsui,
Masashi Nojima, Naga Oshima, Hitoshi Matsui, Hiroshi Ishimoto, Atsushi Matsuki, Pradeep Khatri, Tomoki Nakayama,
Shohei Mukai, Kenji Ohishi, Norihito Mayama, Tetsuo Sakamoto, Hiroaki Naoe, Yuji Zaizen, Hiroki Shiozuru, Taichu Y.
Tanaka and Mizuo Kajino, 2013)

~ 7 < IEB) O E AR EAT OB & 2 BS < R IUTE S EEHIE O S EARIC B 2858 (MR K LIF 2R s,
2013)
Development of Quantitative Detection Techniques of Magma Activity and Improvement of Evaluation of Volcanic
Activity Level (Seismology and Volcanology Research Department, MRI, 2013)
Rk 23 4 (2011 4F) AALMG ORTEE MR IC K 2 H0E S O BLHFRA IR (W, AiHE T, xIEIL%, MBEE
', AR—, E8—7, 2013)
Reports on Field Surveys of Tsunami Heights from the 2011 off the Pacific Coast of Tohoku Earthquake (Yutaka Hayashi,
Kenji Maeda, Hiroaki Tsushima, Masami Okada, Kazuhiro Kimura and Kazuhiro Iwakiri, 2013)

RAEF DT D DREHEFTT o TAF 2T AOME L ZOISM (#FE, AKHEzE, SHHBIE, 2H
&=, [8)I1#,2014)

Meteorological Research Institute Ensemble Prediction System (MRI-EPS) for climate research - Outline and its
applications — (Shoukichi Yabu, Ryo Mizuta, Hiromasa Yoshimura, Yuhji Kuroda, and Hitoshi Mukougawa, 2014)

H A HUIs D #  IR UFREUHER Z A R DU BT~ 2898 (MR LA JEEs,  HUR LSS, [ERFR, FLIRE X
REE, WEEXRLE, KREXRELE, BHEXKEE, KL E, 2014)

Survey of moderate repeating earthquakes in Japan (Seismology and \olcanology Research Department of MRI,
Seismology and \olcanology Department, Meteorological College, Sapporo Regional Headquarters, Sendai Regional
Headquarters, Osaka Regional Headquarters, Fukuoka Regional Headquarters, and Okinawa Regional Headquarters, 2014)
KRG ER ) F IR E 7 /T K D AR IEOFERREZEE FRIZOWT (Ex RFZE, FEIEEZ,
W, FEmEh, BPSE, KRR =TS, KHsn, HAIEER, SRESCR, AR3EF], 2015)
Projection of Future Climate Change around Japan by using MRI Non-hydrostatic Regional Climate Model (Hidetaka
Sasaki, Akihiko Murata, Hiroaki Kawase, Mizuki Hanafusa, Masaya Nosaka, Mitsuo Oh’izumi, Ryou Mizuta, Toshinori
Aoyagi, Fumitake Shido, and Koji Ishihara, 2015)
B O LAUREKERFOBRYE CEMETS, LIEH, xtREILS, 2015)
Development of a new pop-up ocean-bottom pressure gauge (Kenji Hirata, Akira Yamazaki, and Hiroaki Tsushima, 2015)
2012 4 - 2013 FEIC H AICHENT « LB L7 B RoOMEEE & FtE A&7, /A lse, WeHTFR, SR, IRHHEE,
2015)
Summary and Characteristics of Approaching and Landfalling Tropical Cyclones in Japan in 2012 and 2013 (Naoko
Kitabatake, Ryo Oyama, Udai Shimada, Tomoaki Sakuragi and Masahiro Sawada, 2015)

WM O 5 55— R FMUZ B 2 KGR EAIT & 2 7 7 — MIRE) & [REFRFT O RKILET U v 7 (Efn
K, HroRmOR, R, Draxler, A, BHIER], ARHAM, KHEFZ, BEE, SOARHE, g, REmL, Bl
Wi, HARE, EARENE, SFHZEH, FEEE, BB, M.C. Hort, S.J. Leadbetter, G. Wotawa, D. Arnold, C.
Maurer, A. Malo, R. Servranckx, P. Chen, 2015)

Contribution of JMA to the WMO Technical Task Team on Meteorological Analyses for Fukushima Daiichi Nuclear
Power Plant Accident and Relevant Atmospheric Transport Modelling at MRI(K. Saito, T. Shimbori, R. Draxler, T. Hara,
E. Toyoda, Y. Honda, K. Nagata, T. Fujita, M. Sakamoto, T. Kato, M. Kajino, T.T. Sekiyama, T.Y. Tanaka, T. Maki, H.
Terada, M. Chino, T. Iwasaki, M.C. Hort, S.J. Leadbetter, G. Wotawa, D. Arnold, C. Maurer, A. Malo, R. Servranckx and P.
Chen, 2015)
WA O B HE O WUR R O RIRFAOHEIR (2 B9~ 240158 (MR ERAIT 9851, 2017)

Research on rapid estimation of the parameters for large earthquakes along trenches (Seismology and Tsunami Research
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