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気候モデルの不確実性と衛星観測による拘束
雲から雨を出す“蛇口”

Golaz et al. (ʼ13), Suzuki et al. (ʼ13)

n モデルの雲の仮定はどれが正しいのか？ -> 衛星観測で検証できる
n 検証結果: モデルの“雨の降り方”(部品)と“気温変化の再現性”(性能)は矛盾
n 現在の気候モデルは、雲・降水の表現に大きな問題を抱えている

モデル計算

観測値

雨が降りやすい仮定:
低い雲が残りにくい

雨が降りにくい仮定:
低い雲が残りやすい

温室効果ガス
による加熱

エアロゾル・雲による冷却

20世紀の地表気温の変化
ü 衛星観測に比べて雨が降りすぎ
ü 気温変化は再現できる

ü 雨の降り方は衛星観測に近い
ü 気温変化を再現できない
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気候モデル開発3+1の軸

n 複数の人工衛星が地球の様々な側面を観測
n 観測情報を用いてモデルを“部品”から高度化
n 先端プロ各課題機関とJAXAでMOU締結

気候変動予測先端研究プログラムでの取組み



気候モデルにおける雲の高度化

Michibata et al. (JAMES ʼ19), Michibata & Suzuki (GRL ʼ20)

雲氷の質量 衛星観測改良前のMIROC 改良後のMIROC

Journal of Advances in Modeling Earth Systems 10.1029/2018MS001596

Figure 2. Zonal mean distribution of rainwater mass mixing ratio for (a) MIROC6 with PROG scheme and (b)
CloudSat radar retrieval from the 2C-RAIN-PROFILE product. The black line indicates a guide for the annual zonal
mean melting level at T = 273 K from (a) the intrinsic model value and (b) the ECMWF-AUX product. Note that the
model only includes stratiform clouds (see text for details). CloudSat retrieval misses near-surface hydrometeors (below
∼1 km) due to ground clutter contamination. RWC = rainwater content; PROG = prognostic.

Figure 2 shows a vertical cross section of rainwater content for a MIROC6 PROG simulation and CloudSat
radar retrieval (2C-RAIN-PROFILE product; Lebsock et al., 2011) with the ECMWF-AUX product (Partain,
2007). Note that the CloudSat retrieval misses near-surface rainwater (below ∼1 km) due to ground clutter
contamination (Marchand et al., 2008; Tanelli et al., 2008). CloudSat observations show high rainwater mass
over midlatitude areas at lower altitude, just below the melting line. This detail is well reproduced within
the model. Such observations can be attributed to long-lived smaller drizzle drops, and/or contributions
from melting snow. We do not compare the absolute value of the rainwater in the atmosphere because the
observations can include bias in rainwater retrieval due to radar attenuation and the detection sensitivity of
the cloud profiling radar (Stephens et al., 2008).

In the PROG simulation, cloud liquid water content above the melting layer is significantly reduced, which
is realistic when compared with the CloudSat observations (Figures 3a–3c). For the ice phase, the cloud ice
water path (CIWP) is reduced in PROG while the snow water path (SWP) is explicitly preserved across multi-
ple time steps, and hence the total ice water path (TIWP = CIWP + SWP) is significantly higher in the PROG
simulation and is in good agreement with CloudSat and CALIPSO retrievals (Figures 3d–3f). The reason for
this systematic difference between PROG and DIAG is that parameterization of the depositional growth of

Figure 3. Zonal mean distribution of (top row) cloud liquid and (bottom row) total ice mass mixing ratios for (a, d) MIROC6 DIAG scheme, (b, e) PROG
scheme, and (c, f) CloudSat and CALIPSO satellite retrievals. CLWC= cloud liquid water content; DIAG = diagnostic; PROG = prognostic; TIWC = total ice
water content.
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Figure 1. Contoured frequency by optical depth diagrams (CFODDs) for (a–c) the A-Train satellite observations, (d–f) the MIROC6 DIAG scheme, and (g–i) the
MIROC6 PROG scheme. CFODDs are classified according to the MODIS-derived cloud-top effective radius (Re) in the 2.1 𝜇m band for (left) 5-12, (center)
12-18, and (right) 18-35 𝜇m, following Michibata et al. (2014).

2.2. A-Train Satellite Data
We use the CloudSat Level 2B-TAU product (Polonsky, 2008), which is collocated with MODIS observations,
the 2B-GEOPROF vertical radar product (Marchand et al., 2008), and the ECMWF-AUX reanalysis product
(Partain, 2007). The analysis is restricted to single-layer warm clouds (SLWCs) for comparisons with the
large-scale condensation clouds of the model. We obtained more than 7.8 million SLWCs from a full 5-year
analysis from June 2006 to April 2011.

The combined use of CloudSat and MODIS data enables us to investigate cloud-to-rain conversion in the
context of the vertical microphysical structure of SLWCs for different cloud regimes, which reveals mod-
elobservation differences in warm rain characteristics (Jing et al., 2017; Suzuki et al., 2015), as described
below.

2.3. Diagnostics
To illustrate how model-observation differences in rain formation process relate to the treatment of precip-
itation in the model, we apply metrics that probe the process in the form of the probability density function
(PDF) for radar reflectivity profiles rescaled by the vertically sliced in-cloud optical depth (ICOD). This
method, referred to as the contoured frequency by optical depth diagram (CFODD; Nakajima et al., 2010),
is particularly useful in evaluations of how the vertical microphysical structures of warm clouds differs
between nonprecipitating and precipitating regimes depending on the cloud-top effective radius Re (Suzuki
et al., 2010). These diagnostics have also been implemented in COSP2 as an inline warm-rain diagnostic tool
(Michibata, Suzuki, Ogura, et al., 2019), which is employed in this study.
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雲内部での
雨の降り方

衛星観測はモデル改良の指針



MIROCモデルの精緻化: 最近の取組みの例

n自前でのモデル開発が重要
n複数衛星の組合せが有効

従来型モデルで簡素に扱われていた降水モデリング手法を大幅に高度化.
降雨（Qr, Nr）および降雪（Qs, Ns）を予報変数として導入.
大粒子の放射効果を陽に考慮した放射計算スキームの構築.
降雪の放射効果は多くのGCMが無視しているが非常に重要.
大気層の加熱に寄与. 北極の海氷バイアスや, 対流の強さへの影響を注視.

降雪の放射効果の評価（現在気候）

岡山大学/道端拓朗 POCKIE：2021.11.01 12 of 13
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The observed and simulated global lightning distributions are also shown in Fig. 2, in which the widely 
reported land–ocean contrast (Fig. 2c,d) is evident, due to lightning being triggered not only by convection asso-
ciated with atmospheric instability but also to frozen hydrometeors within clouds affecting charge  separation35. 
Thus, the spatial distribution of lightning is not determined by CAPE alone (Fig. 2e,f).

The present study used the lightning scheme parameterized by both CAPE and precipitating ice hydrometeors 
coupled to prognostic graupel [Eq. (3)], and the simulated spatial pattern of flash rate is similar to that of LIS/

Figure 2.  Spatial distributions of (top) the occurrence frequency of graupel (%) from (a) Global Precipitation 
Measurement Dual-frequency Precipitation Radar (GPM/DPR) retrieval for January 2021–December 2022, and 
(b) the MIROC6-CHIMERRA PD simulation; (middle) the lightning flash rate ( fl. km−2 yr−1 ) from (c) LIS/
OTD satellite observations for July 1995–February 2014, and (d) MIROC6-CHIMERRA PD simulation; and 
(bottom) the convective available potential energy (CAPE; J kg−1 ) from (e) ERA5 climatology for 1980–202130 
and (f) MIROC6-CHIMERRA PD simulation.

Content courtesy of Springer Nature, terms of use apply. Rights reserved

霰の頻度

雷活動

Michibata (Sci. Rep. ʼ24)

衛星観測 MIROC6モデル

ü 霰(速く落下する氷)を新たに導⼊
ü 対流と微物理の指標である雷を診断



次世代の全球雲解像モデルとその不確実性
Stevens et al. Progress in Earth and Planetary Science            (2019) 6:61 Page 8 of 17

Fig. 2 Snapshot of DYAMONDmodels. A snapshot of the models taken from the perspective of the Himawari 8 is shown. The images are for the
cloud scene on 4 August 2016 and are qualitatively rendered based on each model’s condensate fields to illustrate the variety of convective
structures resolved by the models and difficulty of distinguishing them from actual observations. From left to right: IFS-4 km, IFS-9 km, and NICAM
(top row); ARPEGE, Himawari, and ICON (second row); FV3, GEOS5, and UKMO (third row); and SAM and MPAS (bottom row)

Stevens et al. Progress in Earth and Planetary Science            (2019) 6:61 Page 11 of 17

Fig. 5Mean precipitation. Precipitation is zonally and temporally averaged (over the last 30 days of the simulation) for each of the indicated models.
The global averaged precipitation for each model is indicated in the legend. Mean precipitation from the GSMaP project (version 7) is provided as a
reference. The GSMaP line width is to distinguish it from the models, not a measure of retrieval uncertainty

Table 6 Tropical budgets

Model Pmm d1 PWmm Ithermal W m−2 Isolar W m−2

ARPEGE-NH 4.25 40.9 −265.4 319.3

FV3 3.80 38.7 −269.0 307.6

GEOS n/a 39.5 −269.2 303.1

ICON 3.65 38.8 −264.1 295.2

IFS 3.75 35.4 −268.4 312.2

MPAS 3.59 37.1 −265.9 327.3

NICAM 3.81 41.5 −259.2 327.0

SAM 4.07 37.3 −272.3 311.7

UM 4.02 38.1 −267.4 309.0

Observed 3.50 39.5 −259.6 306.4

Mean 3.81 38.3 −266.8 312.5

Stddev 0.16 1.7 2.5 10.4

Tropically (latitudes within 30◦ of the Equator) averaged quantities related to the
global hydrological cycle. For the observations, the GSMaP (v7) retrieval is used for
precipitation, P; precipitable water, PW, is calculated only over the ocean for which
observational estimates are taken from GMI. Top-of-atmosphere net solar, Isolar , and
thermal infrared Ithermal irradiances are taken from the CERES SYN1deg daily Terra
and Aqua product. For precipitation and precipitable water, ARPEGE-NH is excluded
from the calculation of the multi-model mean

couplesmost directly to the circulation. The columnwater
burden is only calculated over the ocean, to better enable
comparisons with observations. Compared to the obser-
vations, the simulations appear somewhat less cloudy, as
on average they are radiating thermal energy to space
at a slightly greater rate than observed, but also absorb-
ing a commensurately larger amount of solar energy. The
net imbalance is quite close to observed, but differences
among models can be large. NICAM-3.5 km simulates
energy being absorbed at about twice the rate simulated by
ICON (67.8 Wm−2 versus 31.1 Wm−2). Such differences
notwithstanding, given that this was the first time most of
these models were ever run in such a configuration, and
that no effort has been made to match the observations,
we judge the degree of similitude with the observations as
encouraging.
In analyzing the precipitation fields emerging from the

DYAMOND simulations, a global 24-h cycle, whose peak-
to-peak amplitude is 10 % of the mean, robustly emerged
in the time series of each of the simulations. This is a fea-
ture of the climate system that we were not previously
aware of. The day-to-day consistency of the feature was
sufficiently robust to be identifiable in the composite 24-
h cycle (in UTC time) of global precipitation (Fig. 6).

Roh et al. (JMSJ ʼ21)

The DYAMOND project (Stevens et al. PEPS ʼ19)

n写実性の高いモデルでも
雲の再現性にはばらつき

n観測情報による雲の拘束
が必要

Journal of the Meteorological Society of Japan Vol. 99, No. 61444

cover schemes of varying complexity. The cloud cover 
consistent with each model’s formulation was not 
available within the DYAMOND dataset. For simplic-
ity, we therefore defined clouds as grid points with a 
mixing ratio of cloud water plus cloud ice larger than 
1 mg kg−1. The observation shows the triple modes 
of the cloud population with peaks around 1, 5, and 
13 km. The shallow and deep clouds are dominant 
compared with the congestus clouds in the observa-
tions. Although the simulations reproduce the three 
modes of clouds at similar altitudes for the shallow 
and congestus population, the partitioning is different 
across models. For example, NICAM underestimates 
the shallow clouds compared with the observation and 
with the other models. ICON reproduces a higher frac-
tion of shallow clouds compared with the observation 

and NICAM. The highest fraction of congestus clouds 
is to be found in IFS and ICON, whereas NICAM 
and GEOS exhibit the highest fraction of high clouds.  
Hohenegger et al. (2020) showed that the partitioning 
of clouds between shallow, congestus, and deep can 
also strongly vary within the same model when chang-
ing the horizontal resolution.

4. Resolution dependency

The characteristics of resolution dependencies of 
cloud properties are among the interesting issues. We 
investigated the resolution dependency of domain 
averaged mixing ratio of cloud water and cloud ice 
using the three models NICAM, ICON, and IFS (Figs. 
5, 6), where simulations at different resolutions were 
performed. ICON reduces the mixing ratio of cloud 
water with finer grid spacing (Fig. 5b), as also noted 
in Hohenegger et al. (2020). This reduction is particu-
larly visible in the lowest 2 km. Such a reduction with 
grid spacing is also visible in NICAM and IFS. In 
NICAM, it is nevertheless less pronounced, whereas 
in IFS, the reduction happens between 4 km and 8 km  
altitudes. We speculated that the fact that IFS uses 
a convective parameterization, in contrast to ICON 
and NICAM, explains this distinct behavior. The 
combination of a finer grid spacing and a convective 
parameterization may facilitate a fast transition from 
congestus to deep clouds. The resolution-induced dif-
ferences nevertheless remain smaller than differences 
previously noted across models (compare with Fig. 
3a). By contrast, the resolution dependency of the 
mixing ratio of cloud ice shows very consistent results 

Fig. 3. Vertical profiles of the domain-averaged mix-
ing ratio of cloud water (a) and cloud ice (b) for  
10 days, that is, from 11th to 20th August 2016.

Fig. 4. Vertical profiles of cloud fractions for 
DarDar, NICAM, and ICON (a), as well as 
DarDar, IFS, GEOS, and SAM (b) for 10 days.



エアロゾル増加への雲の応答
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衛星観測 MIROC気候モデル
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NICAM全球雲解像モデル
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雲が湿る
Y. Sato et al. (Nature Comm. ʼ18)

雲が乾く

n従来型気候モデル:
エアロゾルによって雲は常に湿る

n全球雲解像モデル:
雲の多様な応答を再現

n衛星観測が「真値」として重要



雲・降水に関する(近)未来の衛星計画

https://aos.gsfc.nasa.gov/

NASA AOS計画 (ʼ30年頃打上げ)ESA-JAXA EarthCARE衛星 (ʼ24年打上げ)

https://www.eorc.jaxa.jp/EARTHCARE/about
/ec_role_j.html

雲粒の鉛直運動を新たに観測
-> 雲の対流と微物理の知見

エアロゾル・雲・降水・対流
を初めて統合的に観測



メッセージ
n気候変動の理解と予測に用いられる数値気候モデルは、特に
雲・降水の表現に不確実性を抱えている

n先端プロでは気候モデルを“部品”から高度化するために、近年
急速に発達している雲・降水の衛星観測情報を活用している

n衛星観測によって
nモデルの不確実な仮定/定式化を検証・拘束できる
nモデルの“部品”を高度化するための指針が得られる

n気候モデリングに衛星観測を有効に活用するには
n複数の衛星を組み合わせて、システム/プロセスの観測情報を得る
n衛星観測の知見をモデルに“貯蔵”する

nモデル開発も衛星データ解析も自前でやることが重要


