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A Madden-Julian Oscillation Event
Realistically Simulated by a Global
Cloud-Resolving Model
Hiroaki Miura,1* Masaki Satoh,1,2 Tomoe Nasuno,1 Akira T. Noda,1 Kazuyoshi Oouchi1

A Madden-Julian Oscillation (MJO) is a massive weather event consisting of deep convection
coupled with atmospheric circulation, moving slowly eastward over the Indian and Pacific Oceans.
Despite its enormous influence on many weather and climate systems worldwide, it has proven
very difficult to simulate an MJO because of assumptions about cumulus clouds in global
meteorological models. Using a model that allows direct coupling of the atmospheric circulation
and clouds, we successfully simulated the slow eastward migration of an MJO event. Topography,
the zonal sea surface temperature gradient, and interplay between eastward- and westward-
propagating signals controlled the timing of the eastward transition of the convective center. Our
results demonstrate the potential making of month-long MJO predictions when global cloud-
resolving models with realistic initial conditions are used.

AMadden-Julian Oscillation (MJO) is an
envelope of active convection thou-
sands of kilometers wide that travels

eastward at an average speed of 5 m/s over the
Indian and Pacific Oceans (1). Given the large-
scale (103 to 104 km horizontally) coupling be-
tween the atmospheric circulation and deep
convection, an MJO influences not only the in-
traseasonal (30 to 90 days) variability of the
tropics but also tropical cyclone genesis, the
onset and break of the Asian-Australian mon-
soon, and the evolution of the El Niño–Southern
Oscillation event (2, 3). Despite its extensive
effects on weather events and climate variability,
weather prediction and climate models do not
simulate theMJOwell (4). Even recently, most of
the coupled atmosphere-ocean general circula-
tion models (GCMs) presented in the Fourth
Assessment Report of the Intergovernmental
Panel on Climate Change had difficulty simulat-
ing the variance and phase speed of the MJO (5).
It is expected that weather forecasts beyond 10
days could be improved if the MJO representa-
tions in global weather prediction models were
more realistic (2).

The major difficulty in simulating the MJO
with GCMs involves cumulus parameterization
used to estimate the vertical redistribution of heat
and moisture by unresolved convective clouds in

GCMs (4, 6). Computational constraints have
made it almost impossible to run global cloud-
resolving models (GCRMs) that compute the
effects of clouds explicitly and do not depend on
cumulus parameterizations. However, recent in-
creases in available computer power have begun
to eliminate the models’ artificial gap between
cloud processes and the atmospheric circulation
(7). Improved MJO simulations with GCMs
substituting two-dimensional cloud-resolving
models for cumulus parameterizations (8, 9) sug-
gest the importance of representing the variation
in quasi-equilibrium states (10); that is, the sta-
tistical balance between stabilization by convec-
tion and destabilization by external forcing,
which depends on large-scale atmospheric cir-
culation. Therefore, GCRMs may allow realistic
MJO simulations because convective activity can
be linked directly to dynamic and thermodynam-
ic atmospheric conditions of large-scale atmo-
spheric circulation and convection. Here we
report a numerical simulation of an MJO event
that occurred between December 2006 and
January 2007.

On the Earth Simulator, we ran a GCRM
called the Nonhydrostatic Icosahedral Atmo-
sphere Model (11), which has been upgraded as
a result of aquaplanet experiments (12, 13) and
a realistic tropical cyclone experiment (14),
with horizontal grids with mesh sizes about 3.5
and 7 km. These resolutions are almost fine
enough to resolve the gross behavior of cumulus
ensembles, including heating and moistening, as
a response to large-scale atmospheric conditions.
The 3.5-km grid run covered 1week, whereas the
7-km grid run covered 30 days, which was long

enough to reproduce the eastward migration of
the convective center from the Indian to the
Pacific Ocean. The initial atmospheric conditions
were generated by linear interpolation from the
National Centers for Environmental Prediction
(NCEP) Global Tropospheric Analyses at 00:00
universal time coordinated (UTC) on 25December
2006 for the 3.5-km grid run and at 00:00 UTC on
15 December 2006 for the 7-km grid run. We did
not use any artificial techniques to nudge themodel
atmosphere to realistic atmospheric states during
the numerical integrations (15).

The large-scale convectively active region of the
MJO was reproduced approximately by the 3.5-km
(Fig. 1) and 7-km (not shown in Fig. 1) grid runs.
The convective center was near Borneo on 31 De-
cember 2006, and upper tropospheric clouds
covered the islands of Southeast Asia and the sur-
rounding seas. The typical multiscale structure of
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Fig. 1. (A) Infrared image from the Multi-
Functional Transport Satellite (MTSAT-1R) at 00:30
UTC on 31 December 2006 and (B) outgoing long-
wave radiation from the 3.5-km run averaged from
00:00 UTC to 01:30 UTC on 31 December 2006.
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人工衛星（MTSAT-1R）に
よってとらえられた雲画像 

格子で分割して
地球を表現 

数値気候モデルの模式図 

各格子ごとに様々な物理法則を解いて大気現象を再現 

各格子の物理量を定義 

2.7 Summary of equations in the dynamical pro-
cess and physical process

2.7.1 The dynamical process

∂ρqv
∂t

+∇ · (ρqvu) = 0 (2.67)

∂ρql
∂t

+∇ · (ρqlu) = 0 (2.68)

∂ρqs
∂t

+∇ · (ρqsu) = 0 (2.69)

∂ρ

∂t
+∇ · (ρu) = 0 (2.70)

∂ρu

∂t
+∇ · (ρu⊗ u) = −∇p− ρgez (2.71)

∂ρθ

∂t
+∇ · (ρθu) = 0 (2.72)

p = p00

(
ρθR∗

p00

) c∗p
c∗p−R∗

(2.73)

where

c∗p ≡ qdcpd + qvcpv + qlcl + qscs (2.74)

R∗ ≡ qdRd + qvRv (2.75)

2.7.2 The physical process

∂ρqv
∂t

= Sv +DIFF [qv] (2.76)

∂ρql
∂t

= −∂ρqlwl

∂z
+ Sl +DIFF [ql] (2.77)

∂ρqs
∂t

= −∂ρqsws

∂z
+ Ss +DIFF [qs] (2.78)

∂ρ

∂t
= −∂ρqlwl

∂z
− ∂ρqsws

∂z
(2.79)

∂ρu

∂t
= −∂ρqluwl

∂z
− ∂ρqsuws

∂z
+DIFF [u] (2.80)

∂ρθ

∂t
=

1

c∗p

(
p

p00

)R∗
c∗p
[
Q− ∂ρqlelwl

∂z
− ∂ρqsesws

∂z

]
+DIFF [θ] (2.81)
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格子の幅：解像度 

雲： 
各格子の水滴、氷粒の
質量などで表現 



メッシュで区切って表現 

雲がある→格子内に水滴がある 
雲がない→格子内に水滴がない 



メッシュで区切って表現 すべての格子で物理を計算・・・ 
 

地球全体を約50kmの格子で覆った場合 
⇩ 

格子数は10万格子 
⇩ 

大型計算機が必要 気象庁HPより引用 

人力？数値予報のイメージ図 



全球モデルと領域モデル 

気象庁HPより引用 

全球モデル：地球全体の計算をするモデル（気候モデル：週間予報） 

領域モデル：一部の領域のみに区切って計算を行う（気象モデル：日々の天気予報） 

気象庁技術報告著別冊54巻より引用 

長所： 
•  対象領域の高解像度な計算が可能 
短所： 
•  境界条件を与えるのが難しい 
•  対象領域より大きなスケールの現
象は解像できない 

長所： 
•  全球スケールの現象を扱える 
短所： 
•  解像度を高くとれない 

気象庁HPより引用 

理想モデル：理想化された空間のみの計算を行う（LESなど） 
長所： 
•  必要な過程だけなので扱いが容易 
•  超高解像度な計算が可能 
短所： 
•  現実的な事例を扱えない 



目次 
•  雲はコンピュータ上でどう表現されているか？ 

•  10年間で何が進んだか？（何に挑戦してきたか？） 
– 高解像・広領域化 
– 精緻化 

•  見えてきた問題とこれからの課題 
Key Word：大型計算機（スーパーコンピューター）の計算能力向上 



日本のスーパーコンピュータの１０年 

http://www.jamstec.go.jp/es/jp/
es1/index.html 

http://www.jamstec.go.jp/es/jp/es2/
index.html 

地球シミュレータ（初代）：2002年 

地球シミュレータ（第２世代）：2008年 

京：2011年 

ピーク性能： 
40TFLOPS 

ピーク性能： 
122TFLOPS 

ピーク性能： 
10.5PFLOPS 

計算機の計算能力が向上すると・・ 
 

短時間にたくさんの計算を 
できるようになる 

（扱える格子数・物理量が増える） 

より細かい、広い、複雑な計算が早く終わる 



目次 
•  雲はコンピュータ上でどう表現されているか？ 

•  10年間で何が進んだか？（何に挑戦してきたか？） 
– 高解像・広領域化（より細かく、より広く） 
– 精緻化 
– 事例数増加 

•  見えてきた問題とこれからの課題 



解像度の向上 



解像度の向上 



より細かいとは？ 

used for the resolution sensitivity tests discussed in ap-
pendix B, which includes discussions of the vertical pro-
files and time evolution of FP5H. FP5H is the simulation
(with LPTM) used for our cloud-top entrainment study.
The vertical grid spacing is stretched above 1.2 km for
the FP cases because RRTM requires a domain top near
the 30-km level. The FP configuration uses the prescribed
geostrophic wind (Table 1), which is independent of
height, as a ‘‘domain translation velocity’’ in order to
allow a larger time step. The duration of the simulation
is four simulated hours.

Figure 3 presents a snapshot of the liquid water
path (LWP) and cloud water mixing ratio in a cross-
sectional view from FP5H. To aid in understanding the
following discussion, an animation corresponding to the
figure is provided as supplemental material (available at
the Journals Online Web site: http://dx.doi.org/10.1175/
2012JAS-D-11-080.s1). There are cloud holes that contain
very little condensate. The animation shows that the cloud
holes are filled with downdrafts that resemble waterfalls,
and the cloudy air is produced like spring water pouring
out from multiple updrafts. These updrafts terminate in

horizontally divergent outflows near cloud top, which
force the cloud holes to merge or break into smaller holes.
Clockwise and counterclockwise horizontal rolls occur
where the holes merge. The updrafts have lower cloud
bases and higher cloud tops than the downdrafts because
the downdrafts contain less moisture (due to entrainment
drying) and the updrafts contain more moisture (due to
surface evaporation). The updrafts frequently overshoot
the mean cloud-top height. The animation also shows that
very small cloudy parcels separate from the cloud top and
evaporate immediately. This can be described as de-
trainment (Gerber et al. 2005; de Roode and Wang 2007).
The cloud holes seem to form streaks, but the narrow,
quasi-linear structures are destroyed by the horizontal
spreading of the cloud top. It is possible that mesoscale
closed cells would form if we used a much larger simu-
lation domain, as demonstrated with coarser grid spacing
by Savic-Jovcic and Stevens (2008) and Wang and Fein-
gold (2009).

Power spectra can show whether the turbulence is
well represented on the resolved scales. For fully de-
veloped turbulence, the variance is expected to decrease
with increasing wavenumber k as k25/3 beyond the large
energy-containing range (i.e., in the inertial subrange). The
kinetic energy in the inertial subrange comes from
the cascade process. A finite-difference LES simulates
the large energy-containing and flux-producing eddies
explicitly for eddy scales much larger than the grid and
parameterizes the SGS eddies. It is well known that the
power spectrum falls off faster than k25/3 for wavelengths
shorter than several grid points. Bryan et al. (2003) found
that a rapid drop occurs for scales less than six grid

FIG. 3. Snapshot picture for FP5H at 225 min, showing (top)
liquid water path and (bottom) cloud water mixing ratio in a cross-
sectional view.

FIG. 4. Hourly mean power spectra of the vertical velocity for
FP5H for the fourth simulated hour. On the vertical axis, the power
Ew is multiplied by wavenumber k [ L/l, where L is the domain
width, which is 3.2 km, and l is wavelength. The dashed line rep-
resents a reference energy cascade line with k25/3.
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shuts down at the inversion. Breaking such sensitivities is
a prime motivation for including SGS physics.

It is difficult to say whether the UCLA-0 simulations
with a 1-, 2-, or 5-m vertical grid near cloud top better
represents the observed layer, particularly given that

sensitivity tests with the DHARMA model suggest that
the neglect of droplet sedimentation in the cloud layer
leads to an overprediction of turbulence intensities,
commensurate with what is shown in Fig. 9. Nonethe-
less it is conceivable that the simulation with the finest

FIG. 9. Profiles of the buoyancy flux and vertical velocity (cf. Fig.
5) but with four different simulations by the UCLA-0 configuration
of the model and different vertical grid spacings of 1, 2, 5, and 10 m.

TABLE 2. Scalar metrics for different configurations of UCLA-0
(no SGS on scalars) and UCLA-1 models. The last two simula-
tions are for a different set of initial conditions as discussed in
section 4.

LWP
(g m!2)

"q
(g kg!1)

E
(mm s!1) # Notes

59 0.02 4.16 1.04 UCLA-0
26 0.29 5.89 1.74 UCLA-1
42 0.08 5.03 1.25 UCLA-0 ($z % 10 m)
70 0.00 4.26 0.91 UCLA-0 ($z % 2 m)
74 0.00 3.75 0.86 UCLA-0 ($z % 1 m)
99 0.01 4.59 n/a UCLA-0

(q&
t % 5.5 g kg!1)

82 0.05 5.82 n/a UCLA-1
(q&

t % 5.5 g kg!1)

FIG. 8. (top) Visualization of flow fields from (left) UCLA-0 and (right) UCLA-1 simulations at the end of the
simulation period. Shown are (top) plan-view images of the albedo estimated from the liquid water path, and
(bottom) cross sections showing vertical velocity (shaded) and cloud water (contoured). The cross-section cuts are
indicated by the white dashed line in plan-view plots. These fields are drawn from simulations wherein Nx % Ny

% 192 and $x % $y % 20 m. The change in the horizontal mesh leads to more pleasing flow visualization, but has
no marked impact on the flow statistics.
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Stevens et al. (2005) Yamaguchi et al. (2011) 

カリフォルニア沖の層積雲の例 

より詳細な現象が再現
されることで 

詳細な現象が雲に与え
る影響明らかになる 

格子幅を1/7に 

格子幅を1/16に 

日本付近の低気圧の例 

Sato et al. to 
be submitted 



全球モデルと領域モデル 

気象庁HPより引用 

全球モデル：地球全体の計算をするモデル（気候モデル：週間予報） 

この１０年で・・・ 
 
格子幅：数百km→数百m 

理想モデル：理想化された空間のみの計算を行う（LESなど） 
長所： 
•  必要な過程だけなので扱いが容易 
•  超高解像度な計算が可能 
短所： 
•  現実的な事例を扱えない 
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� 積雲、層積雲（水平スケール数m～数km）:  
� 個々の積雲や積乱雲は格子内の現象のため 

�  積雲の効果はパラメタリゼーションと呼ばれる
半経験的な手法で取り込まれる 

格子幅：100 km～　（全球モデル） 

Each of clouds < 10 km 

１０年前後前までの数値モデル中の雲の表現方法 
～パラメタリゼーション～ 
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�  格子間隔が小さくなり高解像度化が進んだ 
�  個々の積雲や積乱雲(雲システム)が解像できるようになった
（雲解像モデル） 
�  パラメタリゼーションを排除して雲の挙動を直接計算 

近年の数値モデルによる雲の表現方法 
～雲微物理モデル～ 

格子幅：数百m～数km（全球モデル） 



地球シミュレータ 

格子幅：全球3.5km 
(Miura et al 2007) 

高解像度化による発展（全球モデルNICAMの事例） 

microphysical processes were solved by a single-moment
ice-resolving scheme [Tomita, 2008]. Cumulus parameteri-
zations were not used in any of the simulations. The initial
condition in each simulation was constructed using the
results of a one-step coarser resolution after a 3 day integra-
tion started from 2012082200 UTC. For example, an initial
condition of Δ3.5 was obtained from the 3 day integration
results of Δ7.0. The simulation periods were 12 h, i.e., from
2012082500 UTC to 2012082512 UTC. The initial condi-
tions were obtained from the linearly interpolated data from
the National Center for Atmospheric Research’s final
analysis [Kalnay et al., 1996].
[7] To analyze convection features in this study, we

defined “convective grids” in the simulation as the grid
satisfies the following criteria of deep convection in the cloud
separation scheme of ISCCP [Rossow and Schiffer, 1999]:
optical thickness (> 35) and cloud top pressure (< 400 hPa).
Then, “convection core” was defined as the grid at which
the vertical velocity averaged (> 0m/s) in the troposphere
was greater than that in all neighboring grids. The
advantage of this diagnosis using the local peak of
vertical velocity is to remove threshold dependence of
detected convection.

3. Results and Discussion

[8] Figure 1 presents our simulated cloud field in Δ0.87.
The global cloud distributions are simulated: cloud clusters
in the tropics, two tropical cyclones in the northwestern
Pacific, and midlatitudinal disturbances. The extended panel
for the northwestern Pacific displays the organized mesoscale
disturbances: cloud clusters and tropical cyclones. A closer
view shows the organized structure of the cloud clusters
and the detailed structure of the cyclone: an eye, circular
clouds around the eye, and spiral rainbands. The extreme
close-up view shows the number of individual deep convec-
tive cells. In short, Δ0.87 simulated these multiscale cloudy
convective phenomena ranging from 100 to 104 km in a
single simulation.
[9] Figure 2a displays the locations of convection cores

detected in the Δ0.87 results based on the above algorithm,
along with the simulated outgoing longwave radiation
(OLR). The convection cores were reasonably detected
around low-OLR regions with high cloud top altitudes (e.g.,
low-latitude regions in the western Pacific or midlatitude
cyclonic regions). The latitudinal distribution of the number
of convection cores (Figure 2b) revealed a strong peak in the

Figure 1. (top) Horizontal view of the total mixing ratio of condensed water contents in Δ0.87, (bottom left) close-up view
of the northwestern Pacific, (bottom middle) a further close-up view for a cloud cluster, and (bottom right) an extreme close-
up of an active convection region. The pink color indicates the hydrometeor density larger than 2 g kg!1. Topography and
bathymetry are Blue Marble (August) by Reto Stöckli, NASA Earth Observatory.

MIYAMOTO ET AL.: CONVECTION IN A SUB-KM GLOBAL SIMULATION

4923

格子幅：全球870m 
 (Miyamoto et al. 2013) 

地球シミュレータ以前	

格子幅：全球100km 

参考文献	
•  Tomita and Satoh (2005)	
•  Satoh et al. (2008)	
•  Satoh et al. (2014)	

NICAMの格子系	

NICAM:正二十面体格子を用いた全球雲解像モデル	

京	



「京」を使った実験でわかった積乱雲の特徴 

14km	 7km	 3.5km	 1.7km	 870m	水平解像度 
（格子間隔） 

格子数 

モデルの解像度が 2.0km よりも細かくなると … 
 

1.  積乱雲の中心が複数個の格子点で表現 
2.  全球の積乱雲の表現がより正確に 
3.  1つ1つ積乱雲と組織化された積乱雲群、全球大
気大循環との相互作用の研究に大きな期待 

雲の中の
上昇流 



全球モデルと領域モデル 

気象庁HPより引用 

全球モデル：地球全体の計算をするモデル（気候モデル：週間予報） 

この１０年で・・・ 
 
格子幅：数百km→数百m 

理想モデル：理想化された空間のみの計算を行う（LESなど） 

この１０年で・・・ 
計算領域の広さ：数km→数百km 
（格子幅は数十m） 
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ice-resolving scheme [Tomita, 2008]. Cumulus parameteri-
zations were not used in any of the simulations. The initial
condition in each simulation was constructed using the
results of a one-step coarser resolution after a 3 day integra-
tion started from 2012082200 UTC. For example, an initial
condition of Δ3.5 was obtained from the 3 day integration
results of Δ7.0. The simulation periods were 12 h, i.e., from
2012082500 UTC to 2012082512 UTC. The initial condi-
tions were obtained from the linearly interpolated data from
the National Center for Atmospheric Research’s final
analysis [Kalnay et al., 1996].
[7] To analyze convection features in this study, we

defined “convective grids” in the simulation as the grid
satisfies the following criteria of deep convection in the cloud
separation scheme of ISCCP [Rossow and Schiffer, 1999]:
optical thickness (> 35) and cloud top pressure (< 400 hPa).
Then, “convection core” was defined as the grid at which
the vertical velocity averaged (> 0m/s) in the troposphere
was greater than that in all neighboring grids. The
advantage of this diagnosis using the local peak of
vertical velocity is to remove threshold dependence of
detected convection.

3. Results and Discussion

[8] Figure 1 presents our simulated cloud field in Δ0.87.
The global cloud distributions are simulated: cloud clusters
in the tropics, two tropical cyclones in the northwestern
Pacific, and midlatitudinal disturbances. The extended panel
for the northwestern Pacific displays the organized mesoscale
disturbances: cloud clusters and tropical cyclones. A closer
view shows the organized structure of the cloud clusters
and the detailed structure of the cyclone: an eye, circular
clouds around the eye, and spiral rainbands. The extreme
close-up view shows the number of individual deep convec-
tive cells. In short, Δ0.87 simulated these multiscale cloudy
convective phenomena ranging from 100 to 104 km in a
single simulation.
[9] Figure 2a displays the locations of convection cores

detected in the Δ0.87 results based on the above algorithm,
along with the simulated outgoing longwave radiation
(OLR). The convection cores were reasonably detected
around low-OLR regions with high cloud top altitudes (e.g.,
low-latitude regions in the western Pacific or midlatitude
cyclonic regions). The latitudinal distribution of the number
of convection cores (Figure 2b) revealed a strong peak in the

Figure 1. (top) Horizontal view of the total mixing ratio of condensed water contents in Δ0.87, (bottom left) close-up view
of the northwestern Pacific, (bottom middle) a further close-up view for a cloud cluster, and (bottom right) an extreme close-
up of an active convection region. The pink color indicates the hydrometeor density larger than 2 g kg!1. Topography and
bathymetry are Blue Marble (August) by Reto Stöckli, NASA Earth Observatory.
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NICAM の870m実験 

同じ日の極軌道衛星画像（時間方向にマージしているので時間のずれあり） 



低層雲を再現する難しさ 

格子間隔5m 

格子間隔140m 

格子間隔を変えた数値実験 観測キャンペーン（DYCOMS-II）で
観測された層積雲 

観測データを
元に理想実験 

Photo was taken by Dr. J. B. Jensen from C130 aircraft 

細かい格子幅でなければ層積雲が再現できない 
⇩ 

一部の領域だけだが、細かいスケールの現象を
再現するモデルで再現 



Earth Simulator 

格子幅：50m、領域サイズ：6～30km  
(Ackerman et al 2009)  

(Savic-Jovcic and Stevens 2008) 

広領域化による発展（理想化されたLESの事例） 

格子幅：50m、領域サイズ30~300km 
 (Sato et al. 2015) 

Earth Simulator以前 

理想化されたLESモデル 
（格子間隔が数十m～数m） 

京 

格子幅：50m、領域サイズ：～3km  
(Stevens et al 2005) 

~3km 
servations contrasting precipitating versus nonprecipi-
tating layers of stratocumulus (e.g., vanZanten et al.
2005; Comstock et al. 2005).

By preventing evaporation of precipitation-size
drops in the DWES we both enhance the efficiency
with which water is removed from the boundary layer
and inhibit the tendency of drizzle to stabilize the sub-
cloud layer with respect to the cloud layer. So doing
leads to a simulation whose reflectivities are reduced to
values only marginally larger than for the DS but which
lack the underlying topological changes. Although the
cloud field is more broken, there is little evidence of
networks of high reflectivity, such as might be associ-
ated with underlying cumuliform convection. This sug-
gests that, at least for this case, the evaporation of pre-
cipitation plays an important role in reorganizing the
circulation and that, at least in the short term, this re-
organization (embodied by compact regions of high re-
flectivity in the DS) has more to do with determining
the overall albedo of the layer than does the tendency
of drizzle to remove water from the cloud layer.

Our basis for associating drizzle with topological
changes in the underlying flow is more readily evident
in horizontal cross sections of !"l , r"t , and w", both in the
subcloud layer (Fig. 3) and in the cloud layer (Fig. 4).
Here primes denote deviations from layer mean quan-
tities. In the drizzling simulations (DS and DWES),
these cross sections are overlaid with contours of spa-
tially smoothed precipitation. Comparing the DS with
the NS (Fig. 3) suggests that with the development of
precipitation the open-cellular network of surface-

FIG. 1. Albedo, per Eq. (5), at the end of the sixth hour of
simulations.

FIG. 2. Distribution of liquid water path in simulations: NS
(solid gray line), DS (solid black line), and DWES (dashed black
line).
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shuts down at the inversion. Breaking such sensitivities is
a prime motivation for including SGS physics.

It is difficult to say whether the UCLA-0 simulations
with a 1-, 2-, or 5-m vertical grid near cloud top better
represents the observed layer, particularly given that

sensitivity tests with the DHARMA model suggest that
the neglect of droplet sedimentation in the cloud layer
leads to an overprediction of turbulence intensities,
commensurate with what is shown in Fig. 9. Nonethe-
less it is conceivable that the simulation with the finest

FIG. 9. Profiles of the buoyancy flux and vertical velocity (cf. Fig.
5) but with four different simulations by the UCLA-0 configuration
of the model and different vertical grid spacings of 1, 2, 5, and 10 m.

TABLE 2. Scalar metrics for different configurations of UCLA-0
(no SGS on scalars) and UCLA-1 models. The last two simula-
tions are for a different set of initial conditions as discussed in
section 4.

LWP
(g m!2)

"q
(g kg!1)

E
(mm s!1) # Notes

59 0.02 4.16 1.04 UCLA-0
26 0.29 5.89 1.74 UCLA-1
42 0.08 5.03 1.25 UCLA-0 ($z % 10 m)
70 0.00 4.26 0.91 UCLA-0 ($z % 2 m)
74 0.00 3.75 0.86 UCLA-0 ($z % 1 m)
99 0.01 4.59 n/a UCLA-0

(q&
t % 5.5 g kg!1)

82 0.05 5.82 n/a UCLA-1
(q&

t % 5.5 g kg!1)

FIG. 8. (top) Visualization of flow fields from (left) UCLA-0 and (right) UCLA-1 simulations at the end of the
simulation period. Shown are (top) plan-view images of the albedo estimated from the liquid water path, and
(bottom) cross sections showing vertical velocity (shaded) and cloud water (contoured). The cross-section cuts are
indicated by the white dashed line in plan-view plots. These fields are drawn from simulations wherein Nx % Ny

% 192 and $x % $y % 20 m. The change in the horizontal mesh leads to more pleasing flow visualization, but has
no marked impact on the flow statistics.
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these regions, cloud broadens more widely than in other regions, 
and the distance of the cloud broadening is not explicitly deter-
mined because of the contamination of several clouds. However, 
analyses performed by using an ideal parcel model demonstrate 
that the distance of the cloud broadening increases on the order of 
region 3 < region 2 < region 1, and that the broadening distance 
exceeds or is comparable to half the cumulus distance in regions 1 
and 2 (as shown in the supplemental material). Thus, the distance 
of the cloud broadening is longer than the cumulus distance in the 
upwind region, and vice versa in the downwind region.

In the upwind regions, the stratiform clouds broaden widely 
and the cumulus distance is short. In this case, the stratiform 
clouds can reach the stratiform clouds from neighboring cumuli 
before water droplets fall or are evaporated. Therefore, the cloud 
cover tends to be high (i.e., regional average of cloud cover 
is above 0.7). In the downwind regions, the cloud broadening 
distance is shorter than the cumulus distance. In this case, the 
stratiform cloud disappears until it extends to neighboring clouds. 
As a result, the cloud cover tends to be low (i.e., smaller than 0.5). 
Thus, the relationship between the distance of cloud broadening 
and the cumulus distance determines the cloud cover. 

4. Concluding remarks and future work

We clarified that the relationship between the broadening 
distance of anvil-like stratiform clouds and the horizontal distance 
between cumuli determines shallow cloud cover. We clarified this 
by using a high-resolution LES model with an extremely wide 
domain. These two distances are important for determining shal-
low cloud cover in the transition phase from cumulus under strato-
cumulus to shallow cumulus. Figure 4 is a conceptual illustration 
of our interpretation of the relationship between cloud cover and 
the two distances. In the cumulus-under-stratocumulus regime, the 
distance between cumuli is smaller than the broadening distance 
of stratiform clouds at the top of the boundary layer. Each strati-
form cloud can extend to its neighboring clouds. High cloud cover 
over 0.7 appears in this case (Fig. 4a). In the shallow-cumulus 
regime, a cloud cannot extend to the next cloud for two reasons: 
(1) the long distance between cumuli, and (2) the small extent 
of cloud broadening. In this case, cloud cover is low (Fig. 4b). 
Thus, the relationship between the distance between cumuli and 
the broadening distance of the stratiform clouds determines the 
shallow cloud cover.

Long (short) broadening distance of the anvil-like stratiform 
clouds occurs with weak (strong) surface heat flux and large (small) 

amounts of aerosol. In contrast, long (short) distance between 
cumuli appears when the surface heat flux and aerosol amounts 
are strong and small (weak and large), respectively. We can apply 
the relationship between the two distances to estimate shallow 
cloud cover in global-scale models with coarse grid resolution. 
This result contributes to improvement of the parameterizations 
of shallow clouds and to reduction of the uncertainties of climate 
prediction caused by shallow clouds. For actual improvement 
of shallow cloud parameterization, it is a key to incorporate the 
dependency of cloud cover to the cloud broadening distance and 
distance between cumuli into the parameterization scheme. We 
will attempt to incorporate it in the near future.

In this study, the contrast of these distances between high- and 
low cloud cover regions was generated by the differences of CCN 
and surface flux. Sensitivity experiments with separately changing 
CCN concentrations and surface heat flux are required to quantita-
tively evaluate the contribution of each factor.

In addition to the sensitivity experiment, an experiment cov-
ering a large calculation domain for both the x and y directions 
is also required, because the cumulus distance in the downwind 
region (e.g., regions 8 and 9) would be limited by the domain size 
in the y direction. To make our suggestion more robust, we will 
conduct these experiments in the near future.
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Fig. 4. Schematic illustration of an overhead and a side view of (a) the 
high cloud cover (cumulus-under-stratocumulus) region and (b) the low 
cloud cover (shallow-cumulus) region.

Fig. 3. The distance of cloud broadening (triangle), half-distance between 
cumuli (circle), and cloud cover (square) derived from the LES model 
result.

モデルの計算領域が広くなると 
 

1.  複数の雲が計算領域内に含まれる 
2.  個々の雲の相互作用を考慮できる 
3.  異なる雲の形状を一つの計算領域で計算できる 
→もっと粗い解像度での計算手法の改良に役立てられる 

~300km 
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•  雲はコンピュータ上でどう表現されているか？ 
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エアロゾルとは？→大気中の微粒子（塵） 
（PM 2.5 、PM10もエアロゾルの呼び方の一種） 



エアロゾルが雲を変える（間接効果） 
2005年　石坂氏、村上氏の発表でも紹介 

エアロゾルが多い時 エアロゾルが少ない時 

雲粒 エアロゾル 水蒸気 

暗い雲 明るい雲 
エアロゾルが多い時には雲粒が

小さくなる 
（間接効果） 

thereby increasing the cloud water content
and longevity. Extrapolation to clouds that
are sufficiently thick for raining (i.e., at least
2 km from base to top) would mean that the
effluents have the potential to suppress pre-
cipitation over ocean and over land. Howev-
er, pollution tracks in any clouds over land
were not reported in previous studies. Appli-
cation of the imaging scheme of Rosenfeld
and Lensky (6) to the Advanced Very High
Resolution Radiometer (AVHRR) on board
the National Oceanic and Atmospheric Ad-
ministration (NOAA) orbiting weather satel-
lites revealed numerous ship track–like fea-
tures in clouds over land, created by major
urban and industrial pollution sources. Illus-
trations of such tracks from Turkey (Fig. 1A),
Canada (Fig. 1B), and Australia (Fig. 1C) are
shown. Because the tracks clearly originate
from pollution sources, they will be called
hereafter “pollution tracks.”

The pollution tracks in Turkey (Fig. 1A)
originate from several sources in and near the
cities of Istanbul, Izmit, and Bursa.

The pollution track in Canada (Fig. 1B)
originates from Flin-Flon, Manitoba, the home
of the Hudson Bay Mining and Smelting Com-
pany. That location has been a frequent source
for such tracks. Other sources in Canada have
been observed, but not reported here.

Study of the pollution tracks emanating
from the region of Adelaide, South Australia,
Australia, is especially interesting. They re-
ceived special attention because of their in-
tensity and frequent occurrence. These pollu-
tion tracks were identified in the clouds of all
47 AVHRR images on different days exam-
ined in which stratocumulus and cumulus
clouds with tops warmer than about !12°C
existed over the region. The pollution tracks
in Fig. 1C coincide with the following major
industrial and urban areas: (i) Port Augusta
has a 520-MW power plant operating on
brown coal, providing electricity to the near-
by mines and to the adjacent large steel in-
dustry in Whyalla. (ii) Port Pirie is the home
of the world’s largest lead smelter and refin-
ery. (iii) Adelaide has industry for processing
minerals mined in the vicinity. Among these
are Australia’s largest cement plant, located
on the Port Adelaide River. A major oil re-
finery and a power plant are located 20 km to
the south of the city near the origin of the
strongest pollution track in Fig. 1C.

The 1998–99 annual average of effluents
from the stack of Port Augusta power plant,
which is equipped with an electrostatic pre-
cipitator, was 43 kg hour!1 of submicrometer
ash particles with modal diameter of 0.14
"m. The gaseous annual average of effluents
for the same time period is 1108 kg hour!1 of
SO2 and 1655 kg hour!1 of NOx (19). Ap-
parently, part of the ash particles act as CCN
at short range, and chemical reactions of the
gases produce additional CCN hundreds of

kilometers farther downwind from the pollu-
tion source, mainly in the form of sulfates.

The AVHRR data were used to retrieve
the dependence of the indicated effective ra-
dius re # $r3%/$r2%, where r is the radius of the
cloud droplets in the measurement volume,
on cloud temperature T. The method of
Rosenfeld and Lensky (6) was used to derive
the T-re relations for inference of the precip-
itation-forming processes in the clouds.

The median re of the cloud tops in the
pollution plumes (Figs. 1 through 3) was
considerably less than the precipitation
threshold of 14 "m (20). Outside the plumes,
however, re increased steeply with decreasing
T to more than 25 "m, indicating that the
cloud droplets in the general area were coa-
lescing into precipitation. At the same time,
little growth of re with decreasing T was
indicated within the pollution plumes, indi-
cating a lack of coalescence and, thus, sup-
pressed precipitation.

These inferences are validated using the
additional sensors onboard the TRMM satel-

lite. The TRMM instruments used here are
the visible and infrared sensor (VIRS), the
precipitation radar (PR), and the TRMM pas-
sive microwave imager (TMI). The VIRS is
similar to the NOAA AVHRR, but it uses a
2-km subsatellite resolution instead of the
1.1-km resolution used by the AVHRR to
obtain the T-re relations. PR is a 2.2-cm radar
with a subsatellite resolution of 250 m verti-
cally by 4 km horizontally. The minimum
detectable signal is about 17 dBZ [decibel of
Z (mm6m!3)], which is equivalent to about
0.7 mm hour!1. The PR is used to measure
the precipitation that forms in the clouds. The
TMI uses a 85-GHz vertical polarization
brightness temperature (T85) to detect the wa-
ter in nonprecipitating clouds.

The TRMM measurements are validated
by an extensive ground validation program
(21). Preliminary results show variability of
about 25% between rain gauges and TRMM
rainfall over large areas, with some TRMM
underestimation with the heavier rainfall (22).
The simultaneous spaceborne measurements of

Fig. 1. Satellite visualization of NOAA AVHRR
images, showing the microstructure of clouds
for three cases over three different continents
with streaks of visibly smaller drops due to
ingestion of pollution originating from known
pollution sources that are marked by white
numbered asterisks. (A) A 300 km by 200 km
cloudy area containing yellow streaks originat-
ing from the urban air pollution of Istanbul (*1),
Izmit (*2), and Bursa (*3) on 25 December
1998 at 12:43 UT. (B) A 150 km by 100 km
cloudy area containing yellow streaks showing
the impact of the effluents from the Hudson
Bay Mining and Smelting compound at Flin-
Flon (*4) in Manitoba, Canada (54°46&N
102°06&W), on 4 June 1998 at 20 :19 UT. (C)
An area of about 350 km by 450 km containing
pollution tracks over South Australia on 12
August 1997 at 05:26 UT originating from the
Port Augusta power plant (*5), the Port Pirie
lead smelter (*6), Adelaide port (*7), and the
oil refineries (*8). All images are oriented with
north at the top. The images are color compos-
ites, where the red is modulated by the visible
channel; blue is modulated by the thermal in-
frared (IR); and green is modulated by the solar
reflectance component of the 3.7-"m channel,
where larger (greener) reflectance indicates smaller droplets. The composition of the channels
determines the color of the clouds, where red represents clouds with large drops and yellow
represents clouds with small drops. The blue background represents the ground surface below the
clouds. A full description of the color palettes and their meaning is provided by Rosenfeld and
Lensky (6).
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TRMM衛星から観測された雲粒のサイズ（有効半径） 



人間活動に伴う
エアロゾル増加 

化石燃料などの消費
砂漠化など 

第一種間接効果 
雲の光学 
特性の変化 

第二種間接効果 
雲の降水効率
寿命の変化 
 

水循環の変化 

間接効果 

雲凝結核・氷晶核
として、雲粒子の
発生過程に作用 

エアロゾル 
太陽放射の
散乱と吸収 

直接効果 

準直接効果 吸収による 
雲の加熱 
雲量の減少 

気象研：荒木氏提供 

雲とエアロゾルの効果をみつもる→モデルでもエアロゾルを扱う必要がある 



10年前の最先端モデル  
（雲モデル） 

2005年名古屋大学水循環研究センター坪木氏の発表資料よりを一部変更 

雪片 

あられ 

氷 

水蒸気 

気温や湿度、圧力など基づいてカテゴリ間の移動を計算 

この時点ではエアロゾルを取り扱ってはいない→雲エアロゾル相互作用は取り扱っていない 

雲粒 

雨粒 
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A Madden-Julian Oscillation Event
Realistically Simulated by a Global
Cloud-Resolving Model
Hiroaki Miura,1* Masaki Satoh,1,2 Tomoe Nasuno,1 Akira T. Noda,1 Kazuyoshi Oouchi1

A Madden-Julian Oscillation (MJO) is a massive weather event consisting of deep convection
coupled with atmospheric circulation, moving slowly eastward over the Indian and Pacific Oceans.
Despite its enormous influence on many weather and climate systems worldwide, it has proven
very difficult to simulate an MJO because of assumptions about cumulus clouds in global
meteorological models. Using a model that allows direct coupling of the atmospheric circulation
and clouds, we successfully simulated the slow eastward migration of an MJO event. Topography,
the zonal sea surface temperature gradient, and interplay between eastward- and westward-
propagating signals controlled the timing of the eastward transition of the convective center. Our
results demonstrate the potential making of month-long MJO predictions when global cloud-
resolving models with realistic initial conditions are used.

AMadden-Julian Oscillation (MJO) is an
envelope of active convection thou-
sands of kilometers wide that travels

eastward at an average speed of 5 m/s over the
Indian and Pacific Oceans (1). Given the large-
scale (103 to 104 km horizontally) coupling be-
tween the atmospheric circulation and deep
convection, an MJO influences not only the in-
traseasonal (30 to 90 days) variability of the
tropics but also tropical cyclone genesis, the
onset and break of the Asian-Australian mon-
soon, and the evolution of the El Niño–Southern
Oscillation event (2, 3). Despite its extensive
effects on weather events and climate variability,
weather prediction and climate models do not
simulate theMJOwell (4). Even recently, most of
the coupled atmosphere-ocean general circula-
tion models (GCMs) presented in the Fourth
Assessment Report of the Intergovernmental
Panel on Climate Change had difficulty simulat-
ing the variance and phase speed of the MJO (5).
It is expected that weather forecasts beyond 10
days could be improved if the MJO representa-
tions in global weather prediction models were
more realistic (2).

The major difficulty in simulating the MJO
with GCMs involves cumulus parameterization
used to estimate the vertical redistribution of heat
and moisture by unresolved convective clouds in

GCMs (4, 6). Computational constraints have
made it almost impossible to run global cloud-
resolving models (GCRMs) that compute the
effects of clouds explicitly and do not depend on
cumulus parameterizations. However, recent in-
creases in available computer power have begun
to eliminate the models’ artificial gap between
cloud processes and the atmospheric circulation
(7). Improved MJO simulations with GCMs
substituting two-dimensional cloud-resolving
models for cumulus parameterizations (8, 9) sug-
gest the importance of representing the variation
in quasi-equilibrium states (10); that is, the sta-
tistical balance between stabilization by convec-
tion and destabilization by external forcing,
which depends on large-scale atmospheric cir-
culation. Therefore, GCRMs may allow realistic
MJO simulations because convective activity can
be linked directly to dynamic and thermodynam-
ic atmospheric conditions of large-scale atmo-
spheric circulation and convection. Here we
report a numerical simulation of an MJO event
that occurred between December 2006 and
January 2007.

On the Earth Simulator, we ran a GCRM
called the Nonhydrostatic Icosahedral Atmo-
sphere Model (11), which has been upgraded as
a result of aquaplanet experiments (12, 13) and
a realistic tropical cyclone experiment (14),
with horizontal grids with mesh sizes about 3.5
and 7 km. These resolutions are almost fine
enough to resolve the gross behavior of cumulus
ensembles, including heating and moistening, as
a response to large-scale atmospheric conditions.
The 3.5-km grid run covered 1week, whereas the
7-km grid run covered 30 days, which was long

enough to reproduce the eastward migration of
the convective center from the Indian to the
Pacific Ocean. The initial atmospheric conditions
were generated by linear interpolation from the
National Centers for Environmental Prediction
(NCEP) Global Tropospheric Analyses at 00:00
universal time coordinated (UTC) on 25December
2006 for the 3.5-km grid run and at 00:00 UTC on
15 December 2006 for the 7-km grid run. We did
not use any artificial techniques to nudge themodel
atmosphere to realistic atmospheric states during
the numerical integrations (15).

The large-scale convectively active region of the
MJO was reproduced approximately by the 3.5-km
(Fig. 1) and 7-km (not shown in Fig. 1) grid runs.
The convective center was near Borneo on 31 De-
cember 2006, and upper tropospheric clouds
covered the islands of Southeast Asia and the sur-
rounding seas. The typical multiscale structure of

1Frontier Research Center for Global Change, Japan Agency
forMarine-EarthScienceandTechnology,3173-25Showamachi,
Kanazawa-ku, Yokohama, Kanagawa 236-0001, Japan. 2Center
for Climate System Research, University of Tokyo, 5-1-5
Kashiwanoha, Kashiwa, Chiba 277-8568, Japan.

*To whom correspondence should be addressed. E-mail:
miurah@jamstec.go.jp

A

B

Fig. 1. (A) Infrared image from the Multi-
Functional Transport Satellite (MTSAT-1R) at 00:30
UTC on 31 December 2006 and (B) outgoing long-
wave radiation from the 3.5-km run averaged from
00:00 UTC to 01:30 UTC on 31 December 2006.
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Miura et al. (2007) 

人工衛星（MTSAT-1R）に
よってとらえられた雲画像 

格子で分割して
地球を表現 

数値気候モデルの模式図 

各格子ごとに様々な物理法則を解いて大気現象を再現 

各格子の物理量を定義 

2.7 Summary of equations in the dynamical pro-
cess and physical process

2.7.1 The dynamical process

∂ρqv
∂t

+∇ · (ρqvu) = 0 (2.67)

∂ρql
∂t

+∇ · (ρqlu) = 0 (2.68)

∂ρqs
∂t

+∇ · (ρqsu) = 0 (2.69)

∂ρ

∂t
+∇ · (ρu) = 0 (2.70)

∂ρu

∂t
+∇ · (ρu⊗ u) = −∇p− ρgez (2.71)

∂ρθ

∂t
+∇ · (ρθu) = 0 (2.72)

p = p00

(
ρθR∗

p00

) c∗p
c∗p−R∗

(2.73)

where

c∗p ≡ qdcpd + qvcpv + qlcl + qscs (2.74)

R∗ ≡ qdRd + qvRv (2.75)

2.7.2 The physical process

∂ρqv
∂t

= Sv +DIFF [qv] (2.76)

∂ρql
∂t

= −∂ρqlwl

∂z
+ Sl +DIFF [ql] (2.77)

∂ρqs
∂t

= −∂ρqsws

∂z
+ Ss +DIFF [qs] (2.78)

∂ρ

∂t
= −∂ρqlwl

∂z
− ∂ρqsws

∂z
(2.79)

∂ρu

∂t
= −∂ρqluwl

∂z
− ∂ρqsuws

∂z
+DIFF [u] (2.80)

∂ρθ

∂t
=

1

c∗p

(
p

p00

)R∗
c∗p
[
Q− ∂ρqlelwl

∂z
− ∂ρqsesws

∂z

]
+DIFF [θ] (2.81)
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格子の幅：解像度 

雲： 
各格子の水滴、氷粒の
質量などで表現 

エアロゾルの要素を追加 
（計算量が増える） 

雲とエアロゾルの
相互作用を計算 



全球モデルと領域モデル 

気象庁HPより引用 

全球モデル：地球全体の計算をするモデル（気候モデル：週間予報） 

理想モデル：理想化された空間のみの計算を行う（LESなど） 

この１０年で・・・ 
計算領域の広さ：数km→数百km 
（格子幅は数十m） 

エアロゾルと雲の扱いが
加わった 

この１０年で・・・ 
 
格子幅：数百km→数百m 



エアロゾルを考慮した計算例（理想実験） 
エアロゾルが多い場合の層積雲 

エアロゾルが少ない場合の層積雲 

Wang and Feingold (2009) 

68 大気の力学

　航跡雲とは，船が排出した汚染物質によって海上の層雲の反射率が線状に高くなっ
た雲域をいう．可視光やそれに近い波長で見られる航跡雲の例は，高分解能の航空機
写真やより大きな範囲をカバーする衛星画像に見ることができる．
　航跡雲は，船から直接排出されたエアロゾル（大気中に浮かぶ微小粒子）や排出さ
れた気体から生成されたエアロゾルによって作られる．これらのエアロゾルの一部は
水に溶けやすく，水蒸気が雲粒に凝結して，成長する際の “種” として働く．この凝
結過程は雲粒核生成とよばれ，種となるエアロゾルは雲凝結核（CCN）とよばれてい
る．
　これらの画像に見られるような広範囲に広がる層雲は境界層や海のすぐ上の大気最
下層に存在するので，船によって生成される CCN は容易に雲に取り込まれる．取り
込まれた雲の部分では多数の CCN により二つの変化が起こる．まず，多くの核が存
在するので多数の雲粒が生成される．次に雲水がこれらのより多くの雲粒に分配され
ているので，雲粒の大きさが減少する．その結果，多数の小さな雲粒が太陽光をより
反射するので，船の影響がある部分の雲は明るくなる．写真や衛星画像で見られる明
るい線状の特徴は，このような雲粒の変化の結果である．
　船の汚染物質が雲の反射率を増加させるこのようなメカニズムは，大陸に広く分布
する発生源から生じるエアロゾル（工業起源，火災起源などの物質）が雲に与える気
候学的に重要な変化と類似している．このように，航跡雲はそれ自体，エアロゾルが
気候に与える “間接効果” とよばれるものの例となっている．エアロゾルの間接効果
とは，エアロゾルが雲の特性を変えることを通じて，間接的に太陽エネルギーに影響
を及ぼす効果である．しかし，地域的な雲の反射特性の変化は，しばしばエアロゾル

1 km

船航跡

カリフォルニア州モントレー沖を通
過するコンテナ船の排煙から生成さ
れた粒子に水蒸気が凝縮して，船の
風下側にできた航跡雲の写真．1994
年 6月 13日の例．右下のバーは実距
離を示す．（NASA ER─2観測機に搭
載された RC─10カメラによる写真）

航　跡　雲 69

の発生源から遠く離れた清浄な雲も影響を受けることがあるので，間接効果過程の検
知と定量化は難しい．エアロゾルの “直接効果”（エアロゾルが直接太陽光を散乱し吸
収する効果）もまた非常に興味深いものである．一般的にいえば，領域が限られ，あ
まり拡散しない航跡雲は，船の移動速度と風速の差が大きい状況（たとえば，強風と
反対向きに高速で船が移動する場合など）で起こると考えられる．船と風の速度が同
じぐらいで，同じ方向に移動しているときには，航跡雲はより広範囲に拡散されてい
く．こうした航跡雲の動きは，世界時 12時に通過したテラ衛星とその 100分後に通過
したアクア衛星によって観測された航跡雲を見ることでも確認される．
　航跡雲は，世界中の海で観測され，とくに大気境界層が比較的浅い場所でよく見ら
れる．このような場所では通常，層雲と積雲が発達するが，船から出る汚染物質はこ
れらの雲に容易に取り込まれる．こうした航跡雲が発生しやすい場所は亜熱帯高気圧
のある海域で，とくに大陸の西岸沖の海域でよく見られる．もちろん，商船の航路が
あることが重要である．コンテナ船やタンカーなど，ディーゼルエンジンを使ってい
る船からは効果的に CCN が排出されており，そのために航跡雲を生成しやすい．上
に見た衛星観測の例は，北ヨーロッパの航跡雲であるが，このように広域に発生した
航跡雲はこの場所で見られるのは珍しいケースである．発達した航跡雲は，北アメリ
カの西海岸でよく発生し，南アメリカ（ペルーやチリ）の西海岸，北西太平洋，南ア
フリカ沖でもよく見られる．

船から出た汚染物質が雲凝結核と
なって単位体積当たりの雲粒を増や
し，雲粒のサイズを減少させる効果
を模式的に示す．

人工衛星から撮影された航跡雲 

モデルで再現された航跡雲 エアルゾルを
発生させる 

航跡雲 

NHK サイエンスゼロで放映 



全球モデルと領域モデル 

気象庁HPより引用 

全球モデル：地球全体の計算をするモデル（気候モデル：週間予報） 

理想モデル：理想化された空間のみの計算を行う（LESなど） 

エアロゾルと雲の扱いが
加わった 

この１０年で・・・ 
 
格子幅：数百km→数百m 



おさらい：この10年で 
全球モデルで雲を解像できるようになった 

10年前 現在 

そもそも雲を表現できていないので、
エアロゾルの影響も（直接）計算で
きない 

エアロゾルの雲への影響を（直接）
計算できる！ 



この１０年の雲モデリングの発展 

•  計算機性能の向上に伴い発展 

– 高解像化（より細かく） 
– 広領域化（より広く） 
– 精緻化（より複雑に） 

• エアロゾルと雲の計算を直接行うようになった 
• 雲粒の表現方法が精緻になった（特に氷） 



目次 
•  雲はコンピュータ上でどう表現されているか？ 

•  10年間で何が進んだか？ 

•  見えてきた問題とこれからの課題 



10年で見えてきた問題 
（数値シミュレーション） 
•  大型計算機→使いこなすのが大変 

–  大型計算機の特徴がコロコロ変わる               
→これまで使ってきたモデルが新しい計算機で使えない 

•  高解像で精緻な計算→データ容量が膨大 
–  計算以外のところに膨大な時間がかかる 
–  データ保存場所がない（１回の計算で40TB） 

計算準備 計算 データの移動 表示（可視化） 
15秒 約1日 約３日 １日 

要した時間 

気象学の知識だけ
では解決が困難 



気象学と計算機科学の連携＠RIKEN/AICS 
Co-design 

今後は気象学の分野だけでなく、計算機を専門とする研究者と連携も
大型計算機を使う上では不可欠 



Co-designにより開発された 
SCALEライブラリ 

京を用いれば15時間で 
4年分の計算が可能 

⇩ 
事例数が増加し、統計的な

解析が可能 

計算機科学の研究者と共同開発 



まとめ 
この１０年で・・・・ 
– より細かい計算が可能になった 

• 雲を直接解像するようになった 
– より広い領域をカバーした計算が可能になった 
– エアロゾルと雲の相互作用を直接計算するようになった 
– モデル内で計算する雲粒の特徴が増えた 

今後、モデリングで雲科学を発展させるために 
 
気象研究者間の連携＋計算機科学を専門とする研究者との
連携も重要 


