
テーマ３
「大気環境に関わるエアロゾル
全球シミュレーション」

五藤大輔（国立環境研究所・地域環境保全領域）

要旨：大気汚染物質のエアロゾルは、PM2.5として大気環境だけではなく、太陽光

の散乱・吸収、あるいは雲の核となることで、気候にも影響を与えます。大気環境

改善と地球温暖化抑制を同時に実施できるように、大気汚染物質を効果的に減らす
ことが国内外で議論されています。このような議論の場にも役立つ科学的知見とし
て、「富岳」を使って得られたエアロゾル高解像度シミュレーションやエアロゾル
データ同化に関する最新の成果をご紹介します。

2022年度シンポジウム 富岳で見える気象の未来予想図 2022年9月10日
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衛星観測SeaWiFs (2000年4月7日）

本日の内容

•エアロゾルとは何か？
•エアロゾルシミュレーション
•「富岳」の利用で進展したか？
•エアロゾルの気候影響評価
•エアロゾルの同化計算
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エアロゾルとは何か？
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エアロゾル、PM2.5

PM2.5
（<2.5 µm）

PM10
（<10 µm）

海岸の砂
（<90 µm）

髪の毛
（50-70 µm）

US.EPA出典

• エアロゾルは大気中に浮いている粒子
• PM2.5はエアロゾルの中であるサイズ以下のもの
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• あるサイズとは、2.5 µm (マイクロメー
トル。1 µm は1 mmの1000分の1）

• PMは粒子状物質（Particulate Matter）の
こと

• PM2.5は小さいので目に見えない（髪の毛

の太さの30分の1程度）



大気汚染（群馬県前橋市の例）

国立環境研究所ニュース38巻 (2019) より引用
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群馬県前橋市（群馬県衛生環境研究所）から撮影した赤城山（距離19 km）。
晴天日でもPM2.5濃度が高いと視程がさえぎられることがわかる
（群馬県衛生環境研究所 熊谷貴美代博士 撮影）。



エアロゾルと放射の相互作用
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太陽光を散乱する

エアロゾル
（硫酸塩エアロゾル）

(IPCC-AR5, Chapter 7, 2013)

太陽光を吸収する

エアロゾル
（ブラックカーボン）

太陽光 太陽光

太陽光 太陽光

エアロゾルには、散乱だけするものと光吸収が強いものの２種類がある。



エアロゾルと雲の相互作用

7

エアロゾルが雲の核となる

親水性

エアロゾル

雨

太陽光
雲で散乱された光

雲

親水性

エアロゾル

雨

太陽光
雲で散乱された光

雲

(IPCC-AR5, Chapter 7, 2013)

エアロゾルが多いと雲特性が変化

エアロゾル-雲-降水の関係は、理解が進んでいるが、まだ不十分である



衛星から見た雲ーエアロゾル相互作用

衛星観測Terra/MODIS（2000年2月25日）
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Ship track
（船から出た煙によって雲が生成）



大気汚染が地球の気候と関係している？

(IPCC AR6 WG1, Summary for Policymakers, 2021)
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窒素酸化物
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一酸化二窒素

メタン

二酸化炭素

2.0

主に二酸化炭素以外
の温室効果気体

主に人為起源

エアロゾル

1.5 1.0 0.5 0.0 -0.5 -1.0

過去*1から現在*2の
気温変化に対して、
各物質が何℃寄与し
たのか？

2.0 1.5 1.0 0.5 0.0 -0.5 -1.0

*1過去（1850-1900年）
*2現在（2010-2019年）



世界で議論されている大気汚染の将来シナリオ

10(CCAC; https://www.ccacoalition.org/en/content/short-lived-climate-pollutants-slcps)

SLCF: 短寿命気候強制因子
（エアロゾル等）

CO2とSLCF

2050年
1.5度目標
（パリ協定）



このような研究をするために
数値シミュレーションが必要になる

↓
エアロゾルシミュレーションの紹介
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NICAM-Chemによる全球高解像度シミュレーション
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全球10km規模グリッドで計算している世界のモデルは、数個のみ！
■ 硫酸塩エアロゾル ■ 海塩粒子 ■ 土壌粒子 ■ 炭素性エアロゾル □ 雲

全球3.5kmグリッドに設定して計算したエアロゾル光学的厚さ



高解像度でエアロゾル再現性が向上（発生源付近）

2012年におけるブラックカーボン（光吸収性粒子）の地表面濃度平均値

13Goto et al. (Geosci. Model Dev., 2020)

NICAM-Chem (14 km) NICAM-Chem (56 km)

[µg m-3]



高解像度で北極のブラックカーボン再現性向上

Goto et al. (Geosci. Model Dev., 2020)

Zeppelin (スヴァールバル諸島)

14

Utqiagvik（アラスカの北極側）

3752 D. Goto et al.: Global high-resolution aerosol simulations by NICAM

Figure 12. Monthly averages of BC and sulfate concentrations simulated by the HRM, LRM, LRM with a cloud macrophysics module
(LRM-macro, which is defined in Sect. 2.1) and VLRM-macro (NICAM simulations using a horizontal grid spacing of 220 km with the
cloud macrophysics module, which is defined in Sect. 2.1) at three Arctic sites: Alert (62.3� W, 82.5� N), Zeppelin (11.9� E, 78.9� N) and
Utqiaġvik (157.0� W, 71.3� N). The BC is measured as the equivalent BC at 530 nm by a particle soot absorption photometer (PSAP) for
2007–2011 under the EMEP database. The sulfate concentrations are averaged at Alert for 2000–2006 by the Canadian Arctic Aerosol
Chemistry Program (CAACP) in the National Atmospheric Chemistry (NAtChem) database, at Zeppelin for 2005–2013 by EMEP and at
Utqiaġvik for 2008–2009 by Eckhardt et al. (2015).

mately 4 km in the NICAM simulations but approximately
2 km in the CALIOP measurements. As a result, the aerosol
extinction coefficients of both the HRM and the LRM are un-
derestimated below a height of 3 km. This may be consistent
with the AOT results shown in Figs. 5 and 6, which show the
underestimation of the AOT in the NICAM simulations com-
pared to the MODIS and AERONET retrievals caused by the
underestimation of biomass burning emissions or the overes-
timation of transport to upper-level areas. In northern Africa,
where dust is a major component but the simulations exhibit
large variabilities among the global models (e.g., Kim et al.,
2014), both the HRM-simulated and the LRM-simulated ex-
tinction coefficients are overestimated compared to those re-
trieved from CALIOP, although the vertical profiles simu-
lated by both the HRM and the LRM are comparable to those
retrieved from CALIOP. This is also consistent with the over-
estimation of the AOT shown in Figs. 5 and 6. The reason
for this overestimation is probably attributed to the overesti-
mation of dust emission fluxes in the NICAM simulations,
which can be attributable to several sources: the overesti-
mation of the wind speeds at a height of 10 m (Fig. 2), the
underestimation of soil moisture and the failure to appropri-
ately tune the model for dust emissions, although the global
amount of emitted dust is within the variability estimated by

other global models shown in Table 2. In addition, this find-
ing suggests that the difference in the transport processes be-
tween different horizontal grid spacings is very small. Be-
low a height of 5 km, the differences in the extinction coef-
ficients between the HRM and LRM are small in all regions
except for east China and the northwestern Pacific. It should
be noted that the simulated extinction coefficient may not be
overestimated above a height of 5 km because optically thin
aerosols are often undetected by CALIOP in the upper tropo-
sphere and the CALIOP regionally averaged extinction coef-
ficient tends to be underestimated above 5 km (Watson-Parris
et al., 2018).

Vertical observations of aerosol species are still limited,
but recent measurements of vertical BC by flight campaigns
such as HIPPO are available for a model evaluation (e.g.,
Schwarz et al., 2013, 2017; Samset et al., 2014; Lund et
al., 2018). Figure 14 shows the NICAM-simulated vertical
BC profiles and the measured vertical BC profiles from var-
ious missions in different regions: flights in HIPPO for an-
nual averages over the Pacific, ARCTAS in spring and sum-
mer over the Arctic region where CALIOP does not gen-
erally detect aerosol signals and A-FORCE in spring over
east Asia where anthropogenic BC is likely transported to
the Arctic (and which can be an important source of BC over

Geosci. Model Dev., 13, 3731–3768, 2020 https://doi.org/10.5194/gmd-13-3731-2020

地上観測結果
14 km
56 km
56 km（雲解像無）
220 km（雲解像無）
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(LRM-macro, which is defined in Sect. 2.1) and VLRM-macro (NICAM simulations using a horizontal grid spacing of 220 km with the
cloud macrophysics module, which is defined in Sect. 2.1) at three Arctic sites: Alert (62.3� W, 82.5� N), Zeppelin (11.9� E, 78.9� N) and
Utqiaġvik (157.0� W, 71.3� N). The BC is measured as the equivalent BC at 530 nm by a particle soot absorption photometer (PSAP) for
2007–2011 under the EMEP database. The sulfate concentrations are averaged at Alert for 2000–2006 by the Canadian Arctic Aerosol
Chemistry Program (CAACP) in the National Atmospheric Chemistry (NAtChem) database, at Zeppelin for 2005–2013 by EMEP and at
Utqiaġvik for 2008–2009 by Eckhardt et al. (2015).

mately 4 km in the NICAM simulations but approximately
2 km in the CALIOP measurements. As a result, the aerosol
extinction coefficients of both the HRM and the LRM are un-
derestimated below a height of 3 km. This may be consistent
with the AOT results shown in Figs. 5 and 6, which show the
underestimation of the AOT in the NICAM simulations com-
pared to the MODIS and AERONET retrievals caused by the
underestimation of biomass burning emissions or the overes-
timation of transport to upper-level areas. In northern Africa,
where dust is a major component but the simulations exhibit
large variabilities among the global models (e.g., Kim et al.,
2014), both the HRM-simulated and the LRM-simulated ex-
tinction coefficients are overestimated compared to those re-
trieved from CALIOP, although the vertical profiles simu-
lated by both the HRM and the LRM are comparable to those
retrieved from CALIOP. This is also consistent with the over-
estimation of the AOT shown in Figs. 5 and 6. The reason
for this overestimation is probably attributed to the overesti-
mation of dust emission fluxes in the NICAM simulations,
which can be attributable to several sources: the overesti-
mation of the wind speeds at a height of 10 m (Fig. 2), the
underestimation of soil moisture and the failure to appropri-
ately tune the model for dust emissions, although the global
amount of emitted dust is within the variability estimated by

other global models shown in Table 2. In addition, this find-
ing suggests that the difference in the transport processes be-
tween different horizontal grid spacings is very small. Be-
low a height of 5 km, the differences in the extinction coef-
ficients between the HRM and LRM are small in all regions
except for east China and the northwestern Pacific. It should
be noted that the simulated extinction coefficient may not be
overestimated above a height of 5 km because optically thin
aerosols are often undetected by CALIOP in the upper tropo-
sphere and the CALIOP regionally averaged extinction coef-
ficient tends to be underestimated above 5 km (Watson-Parris
et al., 2018).

Vertical observations of aerosol species are still limited,
but recent measurements of vertical BC by flight campaigns
such as HIPPO are available for a model evaluation (e.g.,
Schwarz et al., 2013, 2017; Samset et al., 2014; Lund et
al., 2018). Figure 14 shows the NICAM-simulated vertical
BC profiles and the measured vertical BC profiles from var-
ious missions in different regions: flights in HIPPO for an-
nual averages over the Pacific, ARCTAS in spring and sum-
mer over the Arctic region where CALIOP does not gen-
erally detect aerosol signals and A-FORCE in spring over
east Asia where anthropogenic BC is likely transported to
the Arctic (and which can be an important source of BC over

Geosci. Model Dev., 13, 3731–3768, 2020 https://doi.org/10.5194/gmd-13-3731-2020

地上観測結果
14 km
56 km
56 km（雲解像無）
220 km（雲解像無）

１月から12月までの月 １月から12月までの月

[ng m-3] [ng m-3]



高解像度でエアロゾルの除去量再現性が向上

15Sato et al. (Sci. Rep., 2016）

雲水量
[g/m2]

ブラックカーボン

湿性沈着量
log10(bcwet) [kg/m2/s]

3.5 km 56 km

www.nature.com/scientificreports/

3Scientific RepoRts | 6:26561 | DOI: 10.1038/srep26561

the transport of BCA in lows and frontal systems were common for almost all lows simulated by the model; large 
amounts of BCA were shown to be transported to the Arctic inside cyclonic circulations around frontal areas.

!e dependency of the BCA transport by lows and frontal systems on the grid resolution also led to a di"er-
ence in BCA mass concentrations over the Arctic (Fig. 2). At low altitudes, with $ne grid resolution, BCA from 
the Eurasian continent (Europe and Russia) was e"ectively carried to the Arctic (Fig. 2a). In contrast, with coarse 
grid resolution, transport was low in this region (Fig. 2c). !is transport corresponded to low-level transport in 
the polar front region21, which was located further south in winter than in other seasons22. Using $ne grid reso-
lution, above the boundary layer, a large amount of the BCA was transported to the Arctic regardless of the lon-
gitude (Fig. 2d–f). !is indicates that BCA emitted from continents was e"ectively carried up by the convection 
around lows and frontal systems, and thus reached the Arctic. Due to the dependency of simulated BCA transport 
on the grid resolution, the BCA concentrations increased in the Arctic with increasing grid resolution. As a result, 
the ratio of the vertically accumulated mass concentration of BCA (column BCA) in the Arctic to global column 
BCA mass loading simulated by the 3.5-km resolution model was 4.2-times higher than that simulated by the 
56-km resolution model (Table 1).

!e northward mass %ux across 60°N and the upward mass %ux of BCA by lows and frontal systems (see 
Supplementary Information for details of the calculations of mass %ux) systematically increased at $ner grid reso-
lutions over the whole layer (Fig. 3). !is indicated that the upward and poleward transport of BCA was enhanced 
by reproducing the detailed structure of lows and frontal systems. !e statistical analysis of the sensitivity of the 
resolution to BCA transport was also shown quantitatively in the poleward mass %ux of BCA across the 60°N lati-
tude line (Table 1). !e mass %ux gradually increased with a $ner grid resolution. In addition to the absolute value 
of the mass %ux, the contribution of lows and frontal systems to the transport of BCA gradually increased with 
increasing grid resolution. !ese results all indicate that realistic simulations of the detailed structures of lows 
and frontal systems increased the simulated amounts of BCA transported from the continents in the Northern 
Hemisphere by lows and frontal systems.

Regional variability of BCA transport. !e total northward BCA mass %ux across 60°N including lows 
and frontal systems, over all vertical layers, systematically increased at $ner grid resolutions (Fig. 4a), and the 
pro$le had two peaks. !e peak in the lower layer corresponded to low-level transport21 which was clear in the 
Europe–Siberia region (0°E-120°E: Fig. 4b). BC emitted from the Siberian region could not be carried into the 
upper layer due to a strong inversion (called the polar dome28), and therefore the dependency was largest in the 
lower layer in Siberia than in other regions. !e peak in the upper layer mainly originated from the %ux in the 
Asian region (120°E-60°W: Fig. 4c) and North America (60°W-0°E: Fig. 4d), which was derived from BCA being 
elevated by the lows and frontal systems. From these analyses we concluded that BCA transport to the Arctic 
over the upper (lower) layer was enhanced mainly by the increased transport from the Asian and North America 

Figure 1. Di!erences in the structure of a low and frontal system, and black carbon aerosol (BCA) 
transport for model simulations using di!erent grid resolutions. (a,d,g) Example of frontal systems and 
lows visualised by the vertically accumulated mass of liquid water (liquid water path: LWP) (g m−2) at 21UTC 
on 20111124 over Japan; (b,e,h) black carbon aerosol (BCA) transport by the lows and frontal systems shown 
by the vertically accumulated BCA (column BCA) (mg m−2); and (c,f,i) wet deposition %ux of BCA at the same 
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the transport of BCA in lows and frontal systems were common for almost all lows simulated by the model; large 
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!e dependency of the BCA transport by lows and frontal systems on the grid resolution also led to a di"er-
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gitude (Fig. 2d–f). !is indicates that BCA emitted from continents was e"ectively carried up by the convection 
around lows and frontal systems, and thus reached the Arctic. Due to the dependency of simulated BCA transport 
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upper layer due to a strong inversion (called the polar dome28), and therefore the dependency was largest in the 
lower layer in Siberia than in other regions. !e peak in the upper layer mainly originated from the %ux in the 
Asian region (120°E-60°W: Fig. 4c) and North America (60°W-0°E: Fig. 4d), which was derived from BCA being 
elevated by the lows and frontal systems. From these analyses we concluded that BCA transport to the Arctic 
over the upper (lower) layer was enhanced mainly by the increased transport from the Asian and North America 
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transport for model simulations using di!erent grid resolutions. (a,d,g) Example of frontal systems and 
lows visualised by the vertically accumulated mass of liquid water (liquid water path: LWP) (g m−2) at 21UTC 
on 20111124 over Japan; (b,e,h) black carbon aerosol (BCA) transport by the lows and frontal systems shown 
by the vertically accumulated BCA (column BCA) (mg m−2); and (c,f,i) wet deposition %ux of BCA at the same 
time. (a–c), (d–f), and (g–i) indicate the results of the simulation at 3.5-, 14-, and 56-km resolution, respectively. 
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高解像度で雲・エアロゾル再現性向上

Sato et al. (Nat. Comm., 2018)

人工衛星 NICAM-Chem (14 km) MIROC (300 km)
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λ = {d log10(雲⽔量)} /  {d log10 (エアロゾル数濃度)}



高解像度シミュレーションの再現性向上のまとめ

①発生源付近のエアロゾル

②発生源遠方のエアロゾル

③エアロゾルと雲の関係
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「富岳」の利用で進展したか？
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富岳利用における計算性能に関わる情報

計算機
NICAM
バージョン

モデル設定
計算性能

（1ヶ月積分）

京 16
全球14km, 
鉛直38層, 
時間1分

14,080 ノード時間
(640ノード×22時間) 
※640並列

富岳 19
全球14km, 
鉛直78層, 
時間30秒

4,480 ノード時間
(640ノード×7時間)
※2560並列

約4倍
計算負荷

19

バージョン
アップ

約3倍
計算高速



エアロゾルシミュレーションの設定

20

素過程 モジュール

力学 NICAM (Tomita & Satoh, 2004; Satoh et al., 2008, 2014)
輸送 van Leer (1977)の改良版 (Miura, 2007; Niwa et al., 2011a)
雲 NSW6（Tomita, 2008）、積雲パラメタリゼーション用いず
雲-雨変換 Khairoutdinov and Kogan (2000)
境界層 Meller & Yamada (1974), Nakanishi & Niino (2004, 2006) レベル２

放射計算 MSTRN-X (Sekiguchi and Nakajima, 2008)
水平解像度 g-level 9 (14km)
鉛直解像度 78層（京を使っていたときよりも２倍以上の高解像度）
実験期間 1年間（1ヶ月スピンアップ後）
エアロゾル SPRINTARS (Takemura et al., 2005) の高解像度版 (Goto et al., 2019; 2020)
エアロゾル種類 土壌粒子、海塩粒子、炭素性エアロゾル（有機＆黒色炭素）、硫酸塩

酸化物質 オフライン酸化物質（OH, H2O2, O3） by MIROC-CHASER (Sudo et al., 2002)
吸湿性 海塩粒子、炭素性エアロゾル（有機炭素）、硫酸塩

排出量 人為起源: HTAP-v2,森林火災: GFEDv4.1, 土壌/海塩粒子: モデル内でオンライン計算



エアロゾル光学的厚さの年平均値
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• 「京」で得られていた再現性の良い結果は、「富岳」でも実現された
• 人工衛星との差が大きい場所がまだ存在するが、一般的なエアロゾルシミュレー
ションモデルと比べると遜色ない

• 「富岳」での計算結果では、中国四川盆地やインドヒンドスタン平原での高濃度
がよく再現されている（主に鉛直解像度を上げたため）

京を使った以前の結果
(Goto et al., 2020) TERRA/MODIS (人工衛星)富岳を使った新しい結果

論文掲載前の資料のため
削除してあります。



エアロゾル光学的厚さの再現性を検証
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京を使った以前の結果

北アメリカ
南アメリカ
ヨーロッパ
北アフリカ
南アフリカ
アジア
オセアニア

富岳を使った新しい結果

解像度 相関係数
RMSE

（不確実性）
NMB
（誤差）

富岳を使った新しい結果 14 km, 78 層 0.738 0.15 +3.3%
京を使った結果 14 km, 38 層 0.471 0.21 -20.2%
観測サイトは世界91地点（AERONET, SKYNET, CARSNET) 

7 Lahore
7 MCO-Hanimaadhoo
7 Mukdahan
7 Pokhara
7 Shirahama 0.243234485 0.274056256 0.191346005 0.252127022 0.000949982 0.030821771 0.003694332 0.060781017
7 Silpakorn_Univ 0.566380024 0.283782929 0.079861118 -0.282597095
7 Yakutsk 0.248279005 0.233872473 0.000207548 -0.014406532
7 Sendai 0.219139993 0.240883216 0.119336724 0.233561382 0.351827294 0.278636754 0.000472768 0.021743223 0.013047272 0.114224658 0.005356855 -0.07319054
7 Chiba 0.351562113 0.234253421 0.206062779 0.148249879 0.506881416 0.25962761 0.013761329 -0.117308692 0.003342331 -0.0578129 0.061134445 -0.247253806
7 Hedo 0.326956242 0.266363084 0.318792552 0.21955663 0.175731823 0.234572425 0.003671531 -0.060593158 0.009847768 -0.099235922 0.003462216 0.058840602
7 Miyako 0.309413403 0.287082255 0.313986868 0.238645792 0.136507779 0.242749691 0.00049868 -0.022331148 0.005676278 -0.075341076 0.011287344 0.106241912
8 Beijing
8 SACOL 0.148498997 0.28554225 0.018780853 0.137043253
8 XiangHe 0.633920193 0.545466065 0.484993994 0.378295898 0.007824133 -0.088454128 0.011384484 -0.106698096
8 Akedala 0.154355958 0.167413756 0.115771182 7.25E-02 0.253606349 0.303767681 0.000170506 0.013057798 0.001871469 -0.043260478 0.002516159 0.050161332
8 Lhasa 9.44E-02 9.76E-02 6.69E-02 7.87E-02 9.73E-02 3.80E-02 1.06437E-05 0.003262468 0.000139576 0.011814222 0.003521441 -0.059341732
8 Mt.Waliguan 0.12772657 2.20E-01 7.85E-02 0.181166187 0.153362781 0.125781968 0.008449747 0.091922506 0.01053078 0.102619588 0.000760701 -0.027580813
8 Shangri-La 8.26E-02 1.18E-01 4.63E-02 8.14E-02 0.121913835 0.188393638 0.001275307 0.035711437 0.001231276 0.035089538 0.004419564 0.066479803
8 Dunhuang 0.293099344 0.276261955 0.224896058 0.142009601 0.31235835 0.403660983 0.000283498 -0.016837389 0.006870165 -0.082886457 0.008336171 0.091302633
8 Ejina 0.220819399 0.25424847 0.152942508 9.24E-02 0.22843653 0.460908771 0.001117503 0.033429071 0.003662842 -0.060521416 0.054043343 0.232472241
8 Hami 0.221197963 0.205618843 0.222854376 9.32E-02 0.160720438 0.321065784 0.000242709 -0.01557912 0.016802237 -0.129623443 0.02571063 0.160345346
8 Hotan 0.591157794 0.369776517 0.38837558 0.242288619 0.696299374 0.581587315 0.04900967 -0.221381277 0.0213414 -0.146086961 0.013158856 -0.114712059
8 Jiuquan 0.276836157 0.257513136 0.241117269 0.153656989 0.243117407 0.290562719 0.000373379 -0.019323021 0.007649301 -0.08746028 0.002251058 0.047445312
8 Minqin 0.344198674 0.31992206 0.215560377 0.182947487 0.396254122 0.3294833 0.000589354 -0.024276614 0.001063601 -0.03261289 0.004458343 -0.066770822
8 Tazhong 0.512174606 0.340336531 0.261822015 0.103171945 0.618932784 0.632727385 0.029528324 -0.171838075 0.025169845 -0.15865007 0.000190291 0.013794601
8 Urumqi 0.376094073 0.236652434 0.557950318 7.35E-02 0.221514687 0.356373429 0.019443971 -0.139441639 0.234694139 -0.484452412 0.01818688 0.134858742
8 Xilinhot 0.217477381 0.195476174 0.188605681 8.98E-02 0.262947559 0.322831869 0.000484053 -0.022001207 0.009770111 -0.098843873 0.003586131 0.05988431
8 Zhangbei 0.268141448 0.29942739 0.158855736 0.150615275 0.235114574 0.435869128 0.00097881 0.031285942 6.79052E-05 -0.008240461 0.040302391 0.200754554
8 Zhurihe 0.203130484 2.36E-01 8.64E-02 0.105710588 0.280005902 0.302846551 0.001097 0.033120989 0.00037124 0.019267581 0.000521695 0.022840649
8 Dongsheng 0.381516337 0.278151602 0.23882857 0.112720408 0.441968054 0.345275015 0.010684268 -0.103364735 0.015903269 -0.126108162 0.009349544 -0.096693039
8 Mt.Caolan 0.390331298 0.340607494 0.364852309 0.302142441 0.328684479 0.231109977 0.002472457 -0.049723804 0.003932528 -0.062709868 0.009520783 -0.097574502
8 Yan'an 0.30791232 0.408735037 0.301298648 0.332300752 0.314095616 0.424486786 0.01016522 0.100822717 0.00096113 0.031002104 0.01218621 0.11039117
8 Yulin 0.317552149 0.32757315 0.265180826 0.179892436 0.399060607 0.363257945 0.00010042 0.010021001 0.007274109 -0.08528839 0.001281831 -0.035802662
8 Changde 0.454506069 0.79549855 0.605363488 0.826989591 0.301289707 0.528839111 0.116275872 0.340992481 0.04911813 0.221626103 0.051778731 0.227549404
8 Dongtan 0.479067594 0.424861789 0.488561064 0.51397115 0.44374755 0.264074773 0.002938269 -0.054205805 0.000645672 0.025410086 0.032282307 -0.179672777
8 Gucheng 0.534488857 0.568862617 0.487243801 0.370506406 0.572450399 0.765059114 0.001181555 0.03437376 0.013627619 -0.116737395 0.037098117 0.192608715
8 Huimin 0.554335535 0.53154695 0.494042546 0.51967144 0.590142787 0.508236706 0.00051932 -0.022788585 0.00065684 0.025628894 0.006708606 -0.081906081
8 Lin'an 0.587377131 0.49098143 0.625176132 0.539459527 0.437846005 0.559756756 0.009292131 -0.096395701 0.007347336 -0.085716605 0.014862231 0.121910751
8 Mt.Longfeng 0.246445522 0.345646828 0.236767158 0.190184802 0.215142071 0.732259989 0.009840899 0.099201306 0.002169916 -0.046582356 0.267410941 0.517117918
8 Mt.Tai 0.249070391 0.546752572 0.116309144 0.464488447 0.395451069 0.498057693 0.088614681 0.297682181 0.121228827 0.348179303 0.010528119 0.102606624
8 Shangdianzi 0.37740019 0.482347846 0.24979277 0.264804274 0.429403037 0.711915731 0.01101401 0.104947656 0.000225345 0.015011504 0.079813422 0.282512694
8 Tongyu 0.196461141 0.269540906 0.117274955 0.1297196 0.241031751 0.465932786 0.005340652 0.073079765 0.000154869 0.012444645 0.050580476 0.224901035
8 Yushe 0.456612706 0.404221505 0.419295639 0.287786573 0.573811471 0.518575668 0.002744838 -0.052391201 0.017294634 -0.131509066 0.003050994 -0.055235803
8 Anshan 0.586965561 0.490175575 0.476884067 0.353308827 0.771309912 0.745399535 0.009368301 -0.096789986 0.01527084 -0.12357524 0.000671348 -0.025910377
8 Beijing 0.604916394 0.597557068 0.554468989 0.402666837 0.649347365 0.775303245 5.41597E-05 -0.007359326 0.023043893 -0.151802152 0.015864884 0.12595588
8 Benxi 0.743486404 0.497161657 0.769988775 0.789961815 0.060675881 -0.246324747 0.000398922 0.01997304
8 Chengdu 0.768220186 0.855029583 0.850856602 0.911848307 0.682444096 0.958372831 0.007535871 0.086809397 0.003719988 0.060991705 0.076136667 0.275928735
8 Dalian 0.420588851 0.438456416 0.291231245 0.418567449 0.559879005 0.410844773 0.00031925 0.017867565 0.016214509 0.127336204 0.022211202 -0.149034232
8 Datong 0.419463307 0.333138525 0.448925823 0.17539908 0.462146252 0.448830009 0.007451968 -0.086324782 0.074816879 -0.273526743 0.000177322 -0.013316243
8 Fushun 0.408487141 0.473572999 0.485385418 0.291499168 0.587693274 0.870456338 0.004236169 0.065085858 0.037591878 -0.19388625 0.07995495 0.282763064
8 Hangzhou 0.763917446 0.50053829 0.800874293 0.611313581 0.599433184 0.441955507 0.06936858 -0.263379156 0.035933264 -0.189560712 0.024799219 -0.157477677
8 Hefei 0.638535321 0.604733467 0.606041014 0.764009535 0.558283865 0.537290633 0.001142565 -0.033801854 0.024954054 0.157968521 0.000440716 -0.020993232
8 Kuming 0.312223703 0.297527403 0.141520545 0.178764731 0.376304001 0.508117735 0.000215981 -0.0146963 0.001387129 0.037244186 0.01737486 0.131813734
8 Lanzhou 0.650580049 0.340125412 0.818502307 0.303147584 0.469898224 0.229418412 0.096382082 -0.310454637 0.265590491 -0.515354723 0.05783054 -0.240479812
8 Naning 0.58567816 0.57835871 0.536409557 0.602015734 0.493523777 0.709040225 5.35743E-05 -0.00731945 0.00430417 0.065606177 0.046447339 0.215516448
8 Nanjing 0.673022568 0.462486982 0.547405243 0.441987991 0.880477846 0.377239794 0.044325233 -0.210535586 0.011112797 -0.105417252 0.253248537 -0.503238052
8 Panyu 0.571986854 0.488853008 0.569720984 0.461829752 0.356681377 0.379657835 0.006911236 -0.083133846 0.011640518 -0.107891232 0.000527918 0.022976458
8 Pudong 0.60653007 0.541299045 0.368301332 0.719495475 0.67187798 0.332244694 0.004255087 -0.065231025 0.123337326 0.351194143 0.115350769 -0.339633286
8 Shenyang 0.625979364 0.518079817 0.858177364 0.872948468 0.011642312 -0.107899547 0.000218186 0.014771104
8 Tianjin 0.583982289 0.570355117 0.472560644 0.518995166 0.651331186 0.64960897 0.0001857 -0.013627172 0.002156165 0.046434522 2.96603E-06 -0.001722216
8 Wulate 0.239950076 0.22615622 0.189838901 0.106315129 0.287598908 0.321260989 0.00019027 -0.013793856 0.00697622 -0.083523772 0.001133136 0.033662081
8 Xi'an 0.736069858 0.817913353 0.692621112 0.911726773 0.770822585 0.672641158 0.006698358 0.081843495 0.048007291 0.219105661 0.009639593 -0.098181427
8 Yinchuan 0.426891595 0.322474003 0.444019049 0.180475071 0.374325693 0.362278551 0.010903034 -0.104417592 0.069455428 -0.263543978 0.000145134 -0.012047142
8 Zhengzhou 0.734312117 0.627940118 0.673089385 0.505900919 0.756593287 0.665494502 0.011315002 -0.106371999 0.027951983 -0.167188466 0.008298989 -0.091098785

0
0.001 1000
10

1 mean (Observation) 0.116 0.084 0.151
median (Observation) 0.130 0.067 0.122
mean (NICAM) 0.095 0.068 0.111
median (NICAM) 0.084 0.064 0.089
R 0.529 -0.138 0.650
RMSE 0.057 0.104 0.080
NMB (%) -17 -20 -26
N 10 7 27

2 mean (Observation) 0.242 0.144 0.131
median (Observation) 0.242 0.109 0.100
mean (NICAM) 0.048 0.043 0.088
median (NICAM) 0.048 0.046 0.079
R #DIV/0! 0.374 -0.653
RMSE 0.194 0.141 0.109
NMB (%) -80 -70 -33
N 1 3 4

3 mean (Observation) 0.116 0.084 0.143
median (Observation) 0.123 0.095 0.146
mean (NICAM) 0.145 0.059 0.246
median (NICAM) 0.130 0.061 0.211
R 0.048 -0.569 0.484
RMSE 0.087 0.054 0.162
NMB (%) 25 -29 72
N 8 4 32

4 mean (Observation) 0.191 0.242 0.235
median (Observation) 0.190 0.124 0.203
mean (NICAM) 0.477 0.460 0.784
median (NICAM) 0.435 0.292 0.625
R 0.516 0.720 0.783
RMSE 0.341 0.341 0.720
NMB (%) 149 90 233
N 10 8 10

5 mean (Observation) 0.306 #DIV/0! 0.139
median (Observation) 0.306 #NUM! 0.151
mean (NICAM) 0.206 #DIV/0! 0.115
median (NICAM) 0.206 #NUM! 0.109
R #DIV/0! #DIV/0! 0.508
RMSE 0.100 #DIV/0! 0.074
NMB (%) -33 #DIV/0! -17
N 1 0 3

6 mean (Observation) 0.068 0.059 0.043
median (Observation) 0.053 0.059 0.034
mean (NICAM) 0.054 0.059 0.034
median (NICAM) 0.057 0.059 0.027
R 0.772 1.000 0.967
RMSE 0.028 0.020 0.010
NMB (%) -22 1 -20
N 4 2 4

7 mean (Observation) 0.348 0.351 0.290
median (Observation) 0.318 0.319 0.284
mean (NICAM) 0.306 0.236 0.284
median (NICAM) 0.270 0.239 0.251
R 0.926 0.680 0.237
RMSE 0.072 0.188 0.129
NMB (%) -12 -33 -2
N 6 9 190422_aod_GL09 6

8 mean (Observation) 0.436 0.372 0.451
median (Observation) 0.421 0.367 0.434
mean (NICAM) 0.411 0.328 0.481
median (NICAM) 0.404 0.287 0.445
R 0.791 0.730 0.650
RMSE 0.121 0.168 0.173
NMB (%) -6 -12 7
N 51 50 50

All mean (Observation) 0.320 0.304 0.268
median (Observation) 0.268 0.239 0.206
mean (NICAM) 0.331 0.279 0.333
median (NICAM) 0.298 0.190 0.253
R 0.738 0.706 0.626
RMSE 0.151 0.184 0.240
NMB (%) 3.3 -8 25
N 91 83 136

0.01

0.1

1

0.01 0.1 1

7 Lahore
7 MCO-Hanimaadhoo
7 Mukdahan
7 Pokhara
7 Shirahama 0.24323449 0.19442774 0.191346 0.20100844 0.002382099 -0.04880675 9.33627E-05 0.00966244
7 Silpakorn_Univ 0.56638 0.19774687 0.135890385 -0.36863313
7 Yakutsk 0.248279 0.19066782 0.003319048 -0.05761118
7 Sendai 0.21914 0.1696993 0.119336724 0.15499178 0.3518273 0.18860371 0.002444383 -0.0494407 0.001271283 0.035655056 0.02664194 -0.16322359
7 Chiba 0.3515621 0.15603955 0.20606278 0.11157959 0.5068814 0.16015929 0.038229068 -0.19552255 0.008927073 -0.09448319 0.120216222 -0.34672211
7 Hedo 0.32695624 0.16978729 0.31879255 0.20623247 0.17573182 0.0603113 0.024702079 -0.15716895 0.012669772 -0.11256008 0.013321896 -0.11542052
7 Miyako 0.3094134 0.16764857 0.31398687 0.25603586 0.13650778 0.067054056 0.020097267 -0.14176483 0.00335832 -0.05795101 0.00482382 -0.069453724
8 Beijing
8 SACOL 0.148499 0.071971 0.005856535 -0.076528
8 XiangHe 0.6339202 0.34344205 0.484994 0.21468067 0.084377556 -0.29047815 0.073069296 -0.27031333
8 Akedala 0.15435596 0.12635547 0.11577118 0.053984445 0.25360635 0.19007075 0.000784027 -0.02800049 0.003817601 -0.061786735 0.004036772 -0.0635356
8 Lhasa 0.094385855 0.05642317 0.06692093 0.045852095 0.09729395 0.011483292 0.001441165 -0.037962685 0.000443896 -0.021068835 0.007363469 -0.085810658
8 Mt.Waliguan 0.12772657 0.109241724 0.0785466 0.036252283 0.15336278 0.12119173 0.00034169 -0.018484846 0.001788809 -0.042294317 0.001034976 -0.03217105
8 Shangri-La 0.08255094 0.062420398 0.04631649 0.04674996 0.121913835 0.032038167 0.000405239 -0.020130542 1.87896E-07 0.00043347 0.008077636 -0.089875668
8 Dunhuang 0.29309934 0.16915812 0.22489606 0.04795103 0.31235835 0.24601619 0.015361426 -0.12394122 0.031309544 -0.17694503 0.004401282 -0.06634216
8 Ejina 0.2208194 0.17129688 0.15294251 0.04193778 0.22843653 0.34459046 0.00245248 -0.04952252 0.01232205 -0.11100473 0.013491735 0.11615393
8 Hami 0.22119796 0.15394197 0.22285438 0.04489945 0.16072044 0.2500793 0.004523368 -0.06725599 0.031667957 -0.17795493 0.007985006 0.08935886
8 Hotan 0.5911578 0.21792065 0.38837558 0.057061996 0.6962994 0.3432035 0.13930597 -0.37323715 0.109768691 -0.331313584 0.124676715 -0.3530959
8 Jiuquan 0.27683616 0.15321751 0.24111727 0.040918846 0.2431174 0.2375998 0.015281571 -0.12361865 0.040079409 -0.200198424 3.04439E-05 -0.0055176
8 Minqin 0.34419867 0.1896252 0.21556038 0.05258714 0.39625412 0.2951872 0.023892958 -0.15457347 0.026560277 -0.16297324 0.010214522 -0.10106692
8 Tazhong 0.5121746 0.2500221 0.26182202 0.05931054 0.6189328 0.40163732 0.068723933 -0.2621525 0.0410109 -0.20251148 0.047217326 -0.21729548
8 Urumqi 0.37609407 0.16185914 0.5579503 0.06624294 0.22151469 0.26678255 0.045896605 -0.21423493 0.241776128 -0.49170736 0.002049179 0.04526786
8 Xilinhot 0.21747738 0.13424468 0.18860568 0.03877968 0.26294756 0.19680767 0.006927682 -0.0832327 0.02244783 -0.149826 0.004374485 -0.06613989
8 Zhangbei 0.26814145 0.22181088 0.15885574 0.06557075 0.23511457 0.32693434 0.002146522 -0.04633057 0.008702089 -0.09328499 0.00843087 0.09181977
8 Zhurihe 0.20313048 0.14986224 0.08644301 0.059787113 0.2800059 0.22676957 0.002837505 -0.05326824 0.000710537 -0.026655897 0.002834107 -0.05323633
8 Dongsheng 0.38151634 0.19619524 0.23882857 0.07140824 0.44196805 0.2807081 0.03434391 -0.1853211 0.028029567 -0.16742033 0.026004771 -0.16125995
8 Mt.Caolan 0.3903313 0.18694739 0.3648523 0.07851467 0.32868448 0.20200603 0.041365015 -0.20338391 0.081989238 -0.28633763 0.01604743 -0.12667845
8 Yan'an 0.30791232 0.24953245 0.30129865 0.117972195 0.31409562 0.32310364 0.003408209 -0.05837987 0.033608589 -0.183326455 8.11444E-05 0.00900802
8 Yulin 0.31755215 0.20999832 0.26518083 0.08827386 0.3990606 0.30062786 0.011567826 -0.10755383 0.031296076 -0.17690697 0.009689004 -0.09843274
8 Changde 0.45450607 0.4374418 0.6053635 0.4544748 0.3012897 0.18928106 0.000291189 -0.01706427 0.0227674 -0.1508887 0.012545935 -0.11200864
8 Dongtan 0.4790676 0.28574908 0.48856106 0.2588553 0.44374755 0.17729764 0.03737205 -0.19331852 0.052764736 -0.22970576 0.070995555 -0.26644991
8 Gucheng 0.53448886 0.37076285 0.4872438 0.16356426 0.5724504 0.63602597 0.026806206 -0.16372601 0.104768445 -0.32367954 0.004041853 0.06357557
8 Huimin 0.55433553 0.3772664 0.49404255 0.24003716 0.5901428 0.5463949 0.031353477 -0.17706913 0.064518738 -0.25400539 0.001913879 -0.0437479
8 Lin'an 0.58737713 0.30511665 0.62517613 0.25826022 0.437846 0.17641027 0.079670979 -0.28226048 0.134627285 -0.36691591 0.068348641 -0.26143573
8 Mt.Longfeng 0.24644552 0.27658197 0.23676716 0.18957277 0.21514207 0.35117033 0.000908206 0.03013645 0.00222731 -0.04719439 0.018503688 0.13602826
8 Mt.Tai 0.24907039 0.3852421 0.11630914 0.23859072 0.39545107 0.45867765 0.018542735 0.13617171 0.014952785 0.12228158 0.0039976 0.06322658
8 Shangdianzi 0.3774002 0.32879516 0.24979277 0.099856734 0.42940304 0.608769 0.00236245 -0.04860504 0.022480815 -0.149936036 0.032172148 0.17936596
8 Tongyu 0.19646114 0.19583 0.117274955 0.12989986 0.24103175 0.29688933 3.98338E-07 -0.00063114 0.000159388 0.012624905 0.003120069 0.05585758
8 Yushe 0.4566127 0.28456828 0.41929564 0.119680054 0.5738115 0.40342698 0.029599282 -0.17204442 0.089769499 -0.299615586 0.029030885 -0.17038452
8 Anshan 0.58696556 0.3543975 0.47688407 0.24936414 0.7713099 0.47775722 0.054087903 -0.23256806 0.051765319 -0.22751993 0.086173176 -0.29355268
8 Beijing 0.6049164 0.39410546 0.554469 0.18574075 0.64934736 0.6429925 0.044441252 -0.21081094 0.135960522 -0.36872825 4.03842E-05 -0.00635486
8 Benxi 0.7434864 0.37106448 0.7699888 0.42588115 0.138698086 -0.37242192 0.118410075 -0.34410765
8 Chengdu 0.7682202 0.55962044 0.8508566 0.44850945 0.6824441 0.5070059 0.04351386 -0.20859976 0.161883229 -0.40234715 0.030778562 -0.1754382
8 Dalian 0.42058885 0.33189684 0.29123124 0.20850915 0.559879 0.5089885 0.007866273 -0.08869201 0.006842944 -0.08272209 0.002589843 -0.0508905
8 Datong 0.4194633 0.25174838 0.44892582 0.09304297 0.46214625 0.39306697 0.028128294 -0.16771492 0.126652603 -0.35588285 0.004771947 -0.06907928
8 Fushun 0.40848714 0.35806063 0.48538542 0.27371332 0.5876933 0.46702334 0.002542833 -0.05042651 0.044805078 -0.2116721 0.014561239 -0.12066996
8 Hangzhou 0.76391745 0.3289707 0.8008743 0.28744525 0.5994332 0.18686102 0.189178675 -0.43494675 0.263609389 -0.51342905 0.170215804 -0.41257218
8 Hefei 0.6385353 0.36992094 0.606041 0.29104874 0.55828387 0.2176405 0.072153674 -0.26861436 0.099220124 -0.31499226 0.116037906 -0.34064337
8 Kuming 0.3122237 0.25293288 0.14152054 0.2634155 0.376304 0.12241504 0.003515401 -0.05929082 0.014858381 0.12189496 0.064459604 -0.25388896
8 Lanzhou 0.65058005 0.17840236 0.8185023 0.076427475 0.46989822 0.19520606 0.222951771 -0.47217769 0.550675046 -0.742074825 0.075455783 -0.27469216
8 Naning 0.58567816 0.37834215 0.53640956 0.27096298 0.49352378 0.2550227 0.042988221 -0.20733601 0.070461887 -0.26544658 0.056882765 -0.23850108
8 Nanjing 0.67302257 0.28527313 0.54740524 0.3653227 0.88047785 0.12869692 0.150349628 -0.38774944 0.033154051 -0.18208254 0.565174567 -0.75178093
8 Panyu 0.57198685 0.43039522 0.569721 0.41288018 0.35668138 0.2254318 0.02004819 -0.14159163 0.024599043 -0.15684082 0.017226452 -0.13124958
8 Pudong 0.6065301 0.37670207 0.36830133 0.3124499 0.671878 0.20922704 0.052820923 -0.22982803 0.003119382 -0.05585143 0.214045911 -0.46265096
8 Shenyang 0.62597936 0.36674455 0.85817736 0.47720823 0.067202687 -0.25923481 0.145137478 -0.38096913
8 Tianjin 0.5839823 0.3794253 0.47256064 0.2213612 0.6513312 0.60341454 0.041843566 -0.204557 0.063101159 -0.25119944 0.002296006 -0.04791666
8 Wulate 0.23995008 0.16466029 0.1898389 0.046714414 0.2875989 0.27375475 0.005668552 -0.07528979 0.020484618 -0.143124486 0.00019166 -0.01384415
8 Xi'an 0.73606986 0.4311758 0.6926211 0.278524 0.7708226 0.3702942 0.092960388 -0.30489406 0.171476408 -0.4140971 0.160422999 -0.4005284
8 Yinchuan 0.4268916 0.19016163 0.44401905 0.057710275 0.3743257 0.25258502 0.056041079 -0.23672997 0.14923447 -0.386308775 0.014820793 -0.12174068
8 Zhengzhou 0.7343121 0.41910532 0.6730894 0.23305596 0.7565933 0.4393362 0.099355314 -0.31520678 0.193629428 -0.44003344 0.100652068 -0.3172571
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0.001 1000

10

1 mean (Observation) 0.116 0.084 0.151
median (Observation) 0.130 0.067 0.122
mean (NICAM) 0.106 0.057 0.124
median (NICAM) 0.075 0.061 0.074
R 0.666 -0.118 0.804
RMSE 0.050 0.099 0.062
NMB (%) -9 -32 -17
N 10 7 27

2 mean (Observation) 0.242 0.144 0.131
median (Observation) 0.242 0.109 0.100
mean (NICAM) 0.049 0.042 0.064
median (NICAM) 0.049 0.040 0.054
R #DIV/0! -0.011 -0.556
RMSE 0.192 0.146 0.110
NMB (%) -80 -71 -52
N 1 3 4

3 mean (Observation) 0.116 0.084 0.143
median (Observation) 0.123 0.095 0.146
mean (NICAM) 0.145 0.090 0.165
median (NICAM) 0.137 0.085 0.133
R 0.173 -0.624 0.406
RMSE 0.077 0.058 0.094
NMB (%) 26 7 15
N 8 4 32

4 mean (Observation) 0.191 0.242 0.235
median (Observation) 0.190 0.124 0.203
mean (NICAM) 0.527 0.375 0.811
median (NICAM) 0.459 0.245 0.638
R 0.372 0.756 0.856
RMSE 0.399 0.265 0.652
NMB (%) 176 55 245
N 10 8 10

5 mean (Observation) 0.306 #DIV/0! 0.139
median (Observation) 0.306 #NUM! 0.151
mean (NICAM) 0.212 #DIV/0! 0.163
median (NICAM) 0.212 #NUM! 0.201
R #DIV/0! #DIV/0! 0.882
RMSE 0.094 #DIV/0! 0.046
NMB (%) -31 #DIV/0! 17
N 1 0 3

6 mean (Observation) 0.068 0.059 0.043
median (Observation) 0.053 0.059 0.034
mean (NICAM) 0.047 0.038 0.037
median (NICAM) 0.047 0.038 0.028
R 0.805 1.000 0.990
RMSE 0.034 0.021 0.008
NMB (%) -31 -35 -14
N 4 2 4

7 mean (Observation) 0.348 0.351 0.290
median (Observation) 0.318 0.319 0.284
mean (NICAM) 0.231 0.221 0.165
median (NICAM) 0.170 0.201 0.174
R 0.921 0.757 0.477
RMSE 0.129 0.180 0.168
NMB (%) -34 -37 -43
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地上観測地上観測

論文掲載前の資料のため
削除してあります。

論文掲載前の資料のため削除してあります。



今後エアロゾル排出量を変えたら
気候にどのような影響が出るか？
（エアロゾルの気候影響評価）

23



太陽光（短波）が地球に届き、1 Wm-2地球に蓄積される

24

340 Wm-2

100 Wm-2

長波 239 Wm-2

約1 Wm-2蓄積



ブラックカーボンに関する排出量変化シミュレーション
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71.1 W m-2

76.6 W m-2

178.3 W m-2

174.9 W m-2

91.6 W m-2

89.5 W m-2

人間活動ブラックカーボン排出を０

人間活動ブラックカーボン排出を10倍増

差 3.4 W m-2

差 1.4 W m-2

差 2.1 W m-2

大気上端での

短波フラックス

大気での

短波吸収
フラックス

地表面に到達する

短波フラックス

ブラックカーボン
↓

•地表面に到達する
光の量を減らす

•大気を暖めて、
雲の分布も変える

↓
大気や地表面での
短波フラックスが変化

(Fig 7.2 in IPCC AR6 WG1, 2021)



ブラックカーボンに関する排出量変化シミュレーション
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ブラックカーボンの排出量変化に対する雲の
応答は、NICAM (14km) はMIROCより大きい。

大気上端でのエアロゾル瞬時放射強制力で
規格化されたエネルギー収支

(Suzuki and Takemura, J. Geophys. Res. Atmos., 2019)

NICAM 
(14km)

NICAM
(56km)

MIROC
(150km)

高解像度の方がブラックカーボンの増加に伴う大気加熱により対流が起きやすい

雲による放射フラックスの変化

■大気

■地表面
■大気上端

人間活動起源ブラックカーボンの排出量を10倍にした実験との差分で議論



全球年平均値： -0.035 W m-2全球年平均値： -0.081 W m-2

アジアの人為起源ブラックカーボンを全削減したシミュレーション

全球年平均値：-0.087 mg m-2

ブラックカーボン

鉛直積算量 [mg m-2]
大気上端での瞬時エアロゾル

短波放射強制力 [W m-2]
大気上端での短波フラックス [W m-2]
（エアロゾルと雲の影響が出る）

• ブラックカーボン削減量が多い場所では負の放射強制力（削減で冷える）
• 雲の変化も加味すると、全体では弱い負（削減でやや冷える）となる

à温冷ßà温冷ßà少多ß
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エアロゾルの同化計算
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増加する人工衛星（大気汚染物質観測）

29



同化なし
モデル結果

真値

観測

初期アンサンブル

同化

同化

NICAM-Chemによるエアロゾル同化

30

NICAM-Chemエアロゾル同化での実験設定
•変数：エアロゾル光学的厚さ (AOT)
•データ：静止衛星ひまわり・GCOM-C/SGLIなど
の人工衛星リトリーバル結果

•手法：局所アンサンブルカルマンフィルター
•時間窓：24 時間
•局所水平長：200 km（エアロゾルの気塊の典型
的な大きさとする）

•メンバー数：20（これまでの標準実験）
•アンサンブルの摂動：排出量の100%（エアロゾ
ルシミュレーションで最も不確実性が大きい）

参考文献

・Hunt, Kostelich, & Szunyogh (2007)
・Miyoshi, Yamane, & Enomoto (2007)

J " = !
" " − "# $%%! " − "# + !" &" − "& $'%! &" − "&

Δ" = "! − "" = %&# '+&%&# $% "& −&"" = ) "& −&""

同化：J (コスト関数) を最小する"#を求める

P: 背景誤差、R: 観測誤差、H: 観測オペレータ、K: カルマンゲイン

(LETKF)



静止衛星ひまわりのエアロゾルデータ同化
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エアロゾル光学的厚さ
（NICAM-Chem同化なし）

エアロゾル光学的厚さ
（NICAM-Chem同化あり）

エアロゾル光学的厚さ
（静止衛星ひまわり：同化元）

(Dai, Cheng, Suzuki, Goto et al., JAMES, 2019)

比較場所はアジアオセアニア。エアロゾル光学的厚さ：2次元のエアロゾル光学量



極軌道衛星GCOM-Cのエアロゾルデータ同化
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エアロゾル消散係数
（AD-net ライダー：独立観測）

(Dai, Cheng, Goto et al., Rem. Sen., 2019)

エアロゾル消散係数
（NICAM-Chem同化あり）

エアロゾル消散係数
（NICAM-Chem同化なし）

エアロゾル消散係数 (km-1)

比較場所は大阪（近畿大学）。エアロゾル消散係数：3次元のエアロゾル光学量



本日のまとめ

•「京」から「富岳」に計算資源が拡充し、NICAM-Chem自
身の進化によって、全球14kmの世界最高レベルの高解像度
エアロゾルシミュレーションの精度が向上しました。

•「富岳」の計算資源によって、エアロゾル変化に対する気候
影響を、高解像度シミュレーションで実施できるようになり
ました。この知見は、地球温暖化抑制のための緩和策シナリ
オ作成に役立てられます。

•エアロゾル同化手法を構築しており、新しい様々な衛星結果
とNICAM-Chem高解像度シミュレーションと組み合わせ、
エアロゾルシミュレーションの高精度化を進めています。

33
ご清聴ありがとうございました


