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今⽇日の話は・・・・

をつかった雲・エアロゾル相互作⽤用に関するお話

「全球規模⼤大気環境汚染に関わる統合環境モデリング」
平成26年年度度HPCI⼀一般課題（hp140046）

「次世代型⼤大気汚染物質輸送モデルの精緻化と排出量量の推定」
平成27年年度度HPCI⼀一般課題 （hp150056）

「次世代型物質輸送モデルによる⼤大気汚染 気候・環境影響評価」
「全球雲粒粒サイズ解像モデルによる雲エアロゾル相互作⽤用に関するシミュ
レーション」
平成28年年度度HPCI⼀一般課題・若若⼿手利利⽤用課題



Introduction:  Aerosolとは
Air  pollution   SLCP:  Short-Lived  Climate  Pollutants
短寿命物質による大気汚染④ 
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雲・エアロゾルの相互作⽤用



エアロゾルによる主な効果
l 直接効果 (Mitchel  et  al.  1995)
l 間接効果

l 第１種間接効果(Twoemy,  1974)
l 第２種間接効果(Albrecht,  1989)

l 準直接効果(Ackerman  et  al.  2000)
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エアロゾルの多い時

エアロゾルの少ない時

cloud	  droplet aerosol water	  vapor

光学的に薄い

光学的に厚い

エアロゾルの濃度度により雲粒粒
のサイズが変わり得る



⼈人⼯工衛星から捉えられた第１種間接効果の例例

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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⾚赤：光学的に薄くサイズの⼤大きい雲粒粒からなる雲
⻩黄：光学的に厚くサイズの⼩小さい雲粒粒からなる雲
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dry and thus favorable for cumulus cloud formation below this 
altitude (Johnson et al. 2001). The trade wind cumulus distributed 
at 1.2−2.2 km altitudes at 155°W and 1.6−2.6 km altitudes at 
175°W were observed in the latitude range of 10°N−20°N by 
CALIOP. We found that the aerosol layers extended vertically 
from the ocean surface to ~2 km in 2007, while in 2008 the top of 
the aerosol layers reached a height of ~3 km near Hawaii. The dif-
ferences between 2008 and 2007 should be mainly due to the Mt. 
Kilauea eruption. The volcanic aerosol layer vertically extended 
for 1.4−2.0 km around 160°W (Fig. 3a) and 1.6−3.0 km around 
180°W (Fig. 3b; see also Supplement Fig. S2 for 3D view). 
This indicates that, although the vent of the Kilauea volcano was 
low (~1 km), because of plume buoyancy, volcanic gas/aerosol 

2.2 Model and experiment setup
To evaluate the detailed impact of sulfate aerosol from Mt. 

Kilauea, we used the Spectral Radiation Transport Model for 
Aerosol Species (SPRINTARS), a threedimensional global aero-
sol transport model (Takemura et al. 2005). This model simultane-
ously treats the major tropospheric aerosol components, including 
carbonaceous particles, sulfate, soil dust, and sea salt. In this 
study, the horizontal resolution of triangular truncation was set to 
T106 (~100 km). The model contains 20 vertical layers up to the 
sigma level of 0.01 (~10 hPa). Meteorological boundary condi-
tions were taken from National Centers for Environmental Predic-
tion/National Center for Atmospheric Research (NCEP/NCAR) 
reanalysis data with 2.5° × 2.5° resolution at 6h intervals. Three
hour average modeled aerosol and cloud properties were produced 
for use in our analyses. For the emission inventory, we used the 
scenario A2 estimate for the year 2000 from the Intergovernmen-
tal Panel on Climate Change (IPCC) Special Reports on Emission 
Scenarios (SRES) (Nakicenovic and Swart 2000).

SPRINTARS experiments were conducted for two time peri-
ods between July and September in 2007 (before the eruption) and 
in 2008 (during the eruption). An additional sensitivity experiment 
without SO2 emissions from Mt. Kilauea was also performed for 
2008. In the model, the SO2 release height (equally distributed 
between the top of vent and 2600 m above sea level) was ad-
justed so that the best match with the MODIS AOD distribution 
measured was achieved. We estimated the SO2 emission from the 
Mt. Kilauea eruption to be 1.8 Tg (±1.2 Tg) during the eruption 
based on the best match between the SCIAMACHY SO2 VCD 
distribution and SPRINTARS simulation results (see Supplement 
Fig. S1). This SO2 emission level corresponds to approximately 
7% of the total SO2 emissions from mainland China during 2008 
(Lu et al. 2010) and is significant because it was released from a 
single point source into the remote clean maritime atmosphere.

3. Results and discussion

Figure 1 shows the MODIS measurements for August 2008. A 
significant increase in finemode AOD (maximum of 0.3) is evi-
dent in the downwind region extending from the Hawaiian Islands 
to the western North Pacific, with a zonal extent of 5000 km and 
a meridional extent of 1500 km (area of AOD increment > +0.02 
after eruption). SCIAMACHY SO2 VCD showed an SO2 plume 
extending approximately 1800 km downwind from the Hawaiian 
Islands (inset plot in Fig. 1a and Supplement Fig. S1).

Figure 2 shows the differences between 2007 and 2008 for the 
AOD and the watercloud droplet effective radius (CDR) retrieved 
from the MODIS measurement and SPRINTARS simulation. 

We found that the agreement between model simulation and 
MODIS observation is good near downwind region of the Hawaii 
islands along the main plume trajectory (upto 180°E), with a 
negative correlation between CDR and AOD. However, as the 
downwind distance increases, the disagreement becomes larger 
(especially the region south of 15°N). Major reasons of this dis-
agreement could be due to the limitation of model resolution (both 
horizontal and vertical dimensions) and subgrid scale parameter-
izations (e.g., cumulus cloud and wet depositions). However, our 
main purpose of model application is to confirm that the impact 
of SO2 emission from Kilauea eruption covered large area of the 
North Pacific Ocean. In this sense, model results successfully 
described its impact. As long as we are restricting the detailed 
examination region near main plume trajectory, model results are 
sufficient to have a quantitative discussion.

The volcanic aerosol layer had a relatively high optical depth 
and persisted over a large area of the remote North Pacific, where 
cumulus clouds are ubiquitous. This case provides an excellent 
opportunity to study the possible interaction of volcanic aerosols 
and cumulus clouds. Trade winds are dominant around the Hawai-
ian Islands. Cumulus convection is active in this region because of 
the warm sea surface temperature (SST). Shallow cumulus layers 
(trade wind cumulus) are prevalent because the air near ~2 km, 
corresponding to the trade wind inversion, is mostly stable and 

Fig. 1. (a) Finemode aerosol optical depth (550 nm) for August 2008 
from the standard monthly MODIS level 3 products and (b) Cloud effec-
tive radius retrieved from the MODIS 3.7µm band measurements using 
the Comprehensive Analysis Program for Cloud Optical Measurements 
(CAPCOM) algorithm. The inset plot at the upperright corner is the 
SCIAMACHY column concentration (DU) of SO2 for the same time pe-
riod. See also Supplement Fig. S1a.

Fig. 2. MODISmeasured (left column) and SPRINTARSsimulated (right 
column) changes between August 2007 and August 2008. (a) AOD differ-
ence and (b) watercloud effective radius difference. SPRINTARS model 
results for MODIS flyover time were used for the analysis. CDR uncer-
tainty by CAPCOM is ±10% (Nakajima and Nakajima 1999).

⽕火⼒力力発電所の排出 ⽕火⼭山による噴煙

Eguchi et	  al.	  (2011)
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Chapter 7 Clouds and Aerosols
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warming simulation (Gregory et al., 2004; Figure 7.2), or to simulate 
the climate response with sea surface temperatures (SSTs) held fixed 
(Hansen et al., 2005). The former can be complicated by natural var-
iability or time-varying feedbacks, while the non-zero DT from land 
warming complicates the latter. Both methods are used in this chapter.

Figure 7.3 links the former terminology of aerosol direct, semi-direct 
and indirect effects with the new terminology used in this chapter and 
in Chapter 8. The RF from aerosol–radiation interactions (abbreviat-
ed RFari) encompasses radiative effects from anthropogenic aerosols 
before any adjustment takes place and corresponds to what is usually 
referred to as the aerosol direct effect. Rapid adjustments induced by 
aerosol radiative effects on the surface energy budget, the atmospheric 
profile and cloudiness contribute to the ERF from aerosol–radiation 
interactions (abbreviated ERFari). They include what has earlier been 
referred to as the semi-direct effect. The RF from aerosol–cloud inter-
actions (abbreviated RFaci) refers to the instantaneous effect on cloud 
albedo due to changing concentrations of cloud condensation and ice 
nuclei, also known as the Twomey effect. All subsequent changes to 
the cloud lifetime and thermodynamics are rapid adjustments, which 
contribute to the ERF from aerosol–cloud interactions (abbreviated 
ERFaci). RFaci is a theoretical construct that is not easy to separate 
from other aerosol–cloud interactions and is therefore not quantified 
in this chapter.

7.1.4 Chapter Roadmap

For the first time in the IPCC WGI assessment reports, clouds and aer-
osols are discussed together in a single chapter. Doing so allows us 
to assess, and place in context, recent developments in a large and 
growing area of climate change research. In addition to assessing 
cloud feedbacks and aerosol forcings, which were covered in previ-
ous assessment reports in a less unified manner, it becomes possible 
to assess understanding of the multiple interactions among aerosols, 

Direct Effect Semi-Direct Effects Lifetime (including glaciation
& thermodynamic) Effects

Cloud Albedo Effect

Radiative Forcing (RFari) Adjustments

Effective Radiative Forcing (ERFari)

AR4

AR5

Irradiance Changes from
Aerosol-Radiation Interactions (ari)

Adjustments

Effective Radiative Forcing (ERFaci)

Radiative Forcing (RFaci)

Irradiance Changes from
Aerosol-Cloud Interactions (aci)

Figure 7.3 |  Schematic of the new terminology used in this Assessment Report (AR5) for aerosol–radiation and aerosol–cloud interactions and how they relate to the terminology 
used in AR4. The blue arrows depict solar radiation, the grey arrows terrestrial radiation and the brown arrow symbolizes the importance of couplings between the surface and the 
cloud layer for rapid adjustments. See text for further details.

clouds and precipitation and their relevance for climate and climate 
change. This chapter assesses the climatic roles and feedbacks of water 
vapour, lapse rate and clouds (Section 7.2), discusses aerosol–radiation 
(Section 7.3) and aerosol–cloud (Section 7.4) interactions and quanti-
fies the resulting aerosol RF on climate (Section 7.5). It also introduc-
es the physical basis for the precipitation responses to aerosols and 
climate changes (Section 7.6) noted later in the Report, and assesses 
geoengineering methods based on solar radiation management (Sec-
tion 7.7).

7.2 Clouds

This section summarizes our understanding of clouds in the current 
climate from observations and process models; advances in the rep-
resentation of cloud processes in climate models since AR4; assessment 
of cloud, water vapour and lapse rate feedbacks and adjustments; and 
the RF due to clouds induced by moisture released by two anthropo-
genic processes (air traffic and irrigation). Aerosol–cloud interactions 
are assessed in Section 7.4. The fidelity of climate model simulations of 
clouds in the current climate is assessed in Chapter 9.

7.2.1 Clouds in the Present-Day Climate System

7.2.1.1 Cloud Formation, Cloud Types and Cloud Climatology

To form a cloud, air must cool or moisten until it is sufficiently super-
saturated to activate some of the available condensation or freezing 
nuclei. Clouds may be composed of liquid water (possibly supercooled), 
ice or both (mixed phase). The nucleated cloud particles are initially 
very small, but grow by vapour deposition. Other microphysical mecha-
nisms dependent on the cloud phase (e.g., droplet collision and coales-
cence for liquid clouds, riming and Wegener–Bergeron–Findeisen pro-
cesses for mixed-phase clouds and crystal aggregation in ice clouds) 

雲とエアロゾル相互作⽤用による気候影響の⾒見見積もり

7

エアロゾルによる気候影響の模式図

(IPCC AR5)

8

Anthropogenic and Natural Radiative Forcing Chapter 8
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Radiative forcing of climate between 1750 and 2011
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Radiative Forcing (W m-2)
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Other WMGHG  CH4 N2O
 Halocarbons

  TroposphericStratospheric  Ozone
Stratospheric water

vapour from CH4  

Land Use  Black carbon 
     on snow Surface Albedo

Contrail induced cirrus Contrails

Aerosol-Radiation Interac.

Aerosol-Cloud Interac.

Total anthropogenic

Solar irradiance

Figure 8.15 |  Bar chart for RF (hatched) and ERF (solid) for the period 1750–2011, where the total ERF is derived from Figure 8.16. Uncertainties (5 to 95% confidence range) 
are given for RF (dotted lines) and ERF (solid lines).

Figure 8.16 |  Probability density function (PDF) of ERF due to total GHG, aerosol 
forcing and total anthropogenic forcing. The GHG consists of WMGHG, ozone and 
stratospheric water vapour. The PDFs are generated based on uncertainties provided in 
Table 8.6. The combination of the individual RF agents to derive total forcing over the 
Industrial Era are done by Monte Carlo simulations and based on the method in Boucher 
and Haywood (2001). PDF of the ERF from surface albedo changes and combined con-
trails and contrail-induced cirrus are included in the total anthropogenic forcing, but 
not shown as a separate PDF. We currently do not have ERF estimates for some forcing 
mechanisms: ozone, land use, solar, etc. For these forcings we assume that the RF is 
representative of the ERF and for the ERF uncertainty an additional uncertainty of 17% 
has been included in quadrature to the RF uncertainty. See Supplementary Material Sec-
tion 8.SM.7 and Table 8.SM.4 for further description on method and values used in the 
calculations. Lines at the top of the figure compare the best estimates and uncertainty 
ranges (5 to 95% confidence range) with RF estimates from AR4.

Therefore, the large uncertainty in the aerosol forcing is the main 
cause of the large uncertainty in the total anthropogenic ERF. The total 
anthropogenic forcing is virtually certain to be positive with the prob-
ability for a negative value less than 0.1%. Compared to AR4 the total 
anthropogenic ERF is more strongly positive with an increase of 43%. 
This is caused by a combination of growth in GHG concentration, and 
thus strengthening in forcing of WMGHG, and weaker ERF estimates of 
aerosols (aerosol–radiation and aerosol–cloud interactions) as a result 
of new assessments of these effects.

Figure 8.17 shows the forcing over the Industrial Era by emitted com-
pounds (see Supplementary Material Tables 8.SM.6 and 8.SM.7 for 
actual numbers and references). It is more complex to view the RF 
by emitted species than by change in atmospheric abundance (Figure 
8.15) since the number of emitted compounds and changes leading to 
RF is larger than the number of compounds causing RF directly (see 
Section 8.3.3). The main reason for this is the indirect effect of sever-
al compounds and in particular components involved in atmospheric 
chemistry (see Section 8.2). To estimate the RF by the emitted com-
pounds in some cases the emission over the entire Industrial Era is 
needed (e.g., for CO2) whereas for other compounds (such as ozone 
and CH4) quite complex simulations are required (see Section 8.3.3). 
CO2 is the dominant positive forcing both by abundance and by emit-
ted compound. Emissions of CH4, CO, and NMVOC all lead to excess 
CO2 as one end product if the carbon is of fossil origin and is the reason 
why the RF of direct CO2 emissions is slightly lower than the RF of 
abundance change of CO2. For CH4 the contribution from emission is 
estimated to be almost twice as large as that from the CH4 concen-
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Changes in Atmospheric Constituents and in Radiative Forcing Chapter 2

FAQ 2.1, Box 1:  What is Radiative Forcing? 
What is radiative forcing? The influence of a factor that can cause climate change, such as a greenhouse gas, is often evaluated in 

terms of its radiative forcing. Radiative forcing is a measure of how the energy balance of the Earth-atmosphere system is influenced 
when factors that affect climate are altered. The word radiative arises because these factors change the balance between incoming solar 
radiation and outgoing infrared radiation within the Earth’s atmosphere. This radiative balance controls the Earth’s surface temperature. 
The term forcing is used to indicate that Earth’s radiative balance is being pushed away from its normal state. 

Radiative forcing is usually quantified as the ‘rate of energy change per unit area of the globe as measured at the top of the atmo-
sphere’, and is expressed in units of ‘Watts per square metre’ (see Figure 2). When radiative forcing from a factor or group of factors 
is evaluated as positive, the energy of the Earth-atmosphere system will ultimately increase, leading to a warming of the system. In 
contrast, for a negative radiative forcing, the energy will ultimately decrease, leading to a cooling of the system. Important challenges 
for climate scientists are to identify all the factors that affect climate and the mechanisms by which they exert a forcing, to quantify the 
radiative forcing of each factor and to evaluate the total radiative forcing from the group of factors. 

FAQ 2.1, Figure 2. Summary of the principal components of the radiative forcing of climate change. All these 
radiative forcings result from one or more factors that affect climate and are associated with human activities or 
natural processes as discussed in the text. The values represent the forcings in 2005 relative to the start of the 
industrial era (about 1750). Human activities cause significant changes in long-lived gases, ozone, water vapour, 
surface albedo, aerosols and contrails. The only increase in natural forcing of any significance between 1750 and 
2005 occurred in solar irradiance. Positive forcings lead to warming of climate and negative forcings lead to a 
cooling. The thin black line attached to each coloured bar represents the range of uncertainty for the respective 
value. (Figure adapted from Figure 2.20 of this report.)

surface mining and industrial processes 
have increased dust in the atmosphere. 
Natural aerosols include mineral dust re-
leased from the surface, sea salt aerosols, 
biogenic emissions from the land and 
oceans and sulphate and dust aerosols 
produced by volcanic eruptions. 

Radiative Forcing of Factors Affected by 
Human Activities

The contributions to radiative forcing 
from some of the factors influenced by hu-
man activities are shown in Figure 2. The 
values reflect the total forcing relative to the 
start of the industrial era (about 1750). The 
forcings for all greenhouse gas increases, 
which are the best understood of those due 
to human activities, are positive because each 
gas absorbs outgoing infrared radiation in the 
atmosphere. Among the greenhouse gases, 
CO2 increases have caused the largest forcing 
over this period. Tropospheric ozone increas-
es have also contributed to warming, while 
stratospheric ozone decreases have contrib-
uted to cooling. 

Aerosol particles influence radiative forc-
ing directly through reflection and absorption 
of solar and infrared radiation in the atmo-
sphere. Some aerosols cause a positive forcing 
while others cause a negative forcing. The di-
rect radiative forcing summed over all aerosol 
types is negative. Aerosols also cause a nega-
tive radiative forcing indirectly through the 
changes they cause in cloud properties. 

Human activities since the industrial era 
have altered the nature of land cover over 
the globe, principally through changes in 

(continued)

(IPCC AR4) (IPCC AR5)

各要素の放射強制⼒力力(AR4) 各要素の放射強制⼒力力(AR5)

直接効果 準直接効果 第１種間接効果 第２種間接効果

雲エアロゾル相互作⽤用

10年年経っても不不確定性
は全く減っていない
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エアロゾルの気候影響の⾒見見積もり
→エアロゾル輸送モデル（化学輸送モデル含む）

環境省環境研究総合推進費S-12アドバイザリーボード会合　（2015年9月3日, 東京）　竹村 俊彦

エアロゾル気候モデルSPRINTARSの概略
参考文献: Takemura et al. (JGR, 2000; JCLI, 2002; JGR, 2005; ACP, 2009)

SO2, DMS, 
NOx, VOC, 
etc.

気体 エアロゾル

鉱物粒子, 海塩粒子, 
黒色炭素, 有機物

1次粒子
硫酸塩, 有機物, 
硝酸塩

2次粒子

発生

湿性沈着 
（溶解） 
乾性沈着 
（乱流）

化学反応 
核生成

湿性沈着 
（雨滴・雪片衝突） 

乾性沈着 
（乱流・重力落下）

移流・対流・拡散 雲粒 
氷晶

凝結核 
氷晶核

降水 
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気候モデル（MIROC）
解像度: T213/T106/T85/T42 

L56/L40/L20風・気温・雲・雨・etc.

発生

エアロゾルの
気候影響 
エアロゾル・
放射相互作用 
太陽放射・赤外放射
の散乱・吸収 

放射吸収性エアロゾ
ルの直接効果による

雲の変化 

エアロゾル・
雲相互作用 

雲の凝結核・氷晶核
の役割を通した雲粒
径・雲寿命の変化

環境省環境研究総合推進費S-12アドバイザリーボード会合　（2015年9月3日, 東京）　竹村 俊彦

S-12-3(1) 研究計画
年度 研究計画

26
• 既存の排出量インベントリ・シナリオを用いて、エアロゾル気候モデルSPRINTARSに
よるシミュレーションを行う。→ モデル相互比較プロジェクトへの参画を含む 
• エアロゾルによる影響が明確に見られる気象場のシグナルを把握する。

27 • 既存の排出量インベントリ・シナリオを用いて、過去・現在・将来のエアロゾル・放射相互作用、エアロゾル・雲相互作用、それらのフィードバック過程を通した気候変動を
定量的に評価する。→ モデル相互比較プロジェクトへの参画を含む

28 • テーマ1および2で作成される排出量インベントリを用いて、過去・現在のエアロゾル・放射相互作用、エアロゾル・雲相互作用、それらのフィードバック過程を通した気候変
動を定量的に評価する。

29
• テーマ1および2で作成される排出量インベントリを用いて、将来のエアロゾルによる気
候変動を定量的に評価する。 
• テーマ4で行われる気候変動緩和および大気汚染緩和のためのSLCP削減最適パス探査へ
提供するためのシステムの構築を行う。

30
• 再検討される排出量シナリオを用いて将来のシミュレーションを行い、エアロゾルの気
候影響評価を定量的に行う。 
• テーマ4で行われるSLCP最適削減パス探査のための統合運用システムの構築に貢献す
る。

世界にあるエアロゾルモデル（AeroCOMプロジェクトに参加したもの）
BCC, CAM(ver. 3.5, 4, 5), GEOS-‐Chem, GISS, GMI, GOCART, IMPACT, INCA, HadGEM,
ECHAM-‐HAM, OsloCTM2, SPRINTARS, TM5, MASINGARなど

例例として：SPRINTARS

九州⼤大学：⽵竹村教授より提供

雲エアロゾル相互作⽤用の放射強制⼒力力の分布
（複数のモデル平均）

(IPCC AR5)



雲エアロゾル相互作⽤用に関する不不確定性の要因の⼀一つ

雲を解像できていない

9

� 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：～数百km（全球モデル）

Each of clouds < 10 km

解像度度を上げなければ再現できない雲へ
のエアロゾルの効果をパラメタリゼー
ション（半経験的）で議論論している

→個⼈人的にもあまり好きではない
（せめて雲くらいは真⾯面⽬目に解きたい）

エアロゾルの効果の表現方法（MIROCの例, Berry 1967）

CCSR/NIES AGCMではグリッド・スケールの雲に関わる凝結過程を計算する際に、Le 

Treut and Li (1991) のスキームに基づき、水分量のサブ・グリッドスケールの分布を仮定し

て過飽和部分の水分量を凝結させて雲水量としている。そして、このようにして決められ

た雲水量lが、ある時定数τpで降水に変換されると考えて降水の生成を計算する。すなわち、

単位時間あたりの降水生成量Pは 

p

l
t
lP

τ
=

∂
∂

−=  

で計算される。降水の時定数τpは雲水から降水への変換の早さを特徴づけており、いくつか

のタイプのバルク・パラメタリゼーションで表現される。歴史的に最も簡単なパラメータ

化はKessler (1969)によるもので 

⎪⎩
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c
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l τττ  

と表される。この式によると、雲水量lが臨界値lcより小さい場合には降水は全く起こらない。

Sundqvist (1978)はこれを修正した形の次の式を提案した： 

( )[ ]2
0

exp1
)(

c
pp ll
l

−−
==

τττ   (2.2) 

CCSR/NIES AGCMの標準版ではこの式(2.2)が用いられている。Sundqvist(1978)のパラメータ

化の式(2.2)によれば、降水時定数は雲水量lのみに依存して決まり、雲水が増加するにした

がって時定数は短くなって降水生成が早まる。この式(2.2)は雲粒サイズの情報を含まないの

で、エアロゾル寿命効果は取り入れられていない。本研究では以下に述べるようなエアロ

ゾル寿命効果を含むタイプのパラメータ化と比較するために、上式(2.2)を用いた計算を行っ

た。その際、lc = 10-4 kg/kg, τ0 = 104 s とした。 

他のタイプのパラメータ化として、雲粒サイズの情報を含むものがある。その古典的な定

式化は Berry (1967) によるものであり、降水時定数が次のように表現される： 
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l
l
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nl
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cpp αρ
ργβ

ττ )(),(
+

==   (2.3) 

ただし、ρ は大気密度、α, β, γ は定数である。この式(2.3)は、Kessler (1969)やSundqvist (1978)

とは異なり、降水生成効率が雲水量だけでなく雲粒数密度に依存する効果も取り入れてい

るので、エアロゾル寿命効果を考慮に入れたパラメータ化となっている。(2.3)式によれば、

雲粒数密度ncが多くて雲粒一個あたりの質量ρl/ncが小さいと、降水が生成する時定数τpはそ

れに線型に依存する形で長くなる。本研究ではLohmann and Feichter (1997) に従い、

α=0.35, β=0.12, γ=5.7⋅10−12として数値実験を行った。 

雲粒数密度の影響を含むその他のパラメタリゼーションとして、Khairoutdinov and Kogan 

(2000) がある。それによると、降水時定数τpは雲粒数密度ncに非線型に依存する： 

β

α

ττ
l
nnl c

cpp ∝= ),(   (2.4) 

Khairoutdinov and Kogan (2000) は雲の粒径分布関数を陽に計算するモデルを用いて多数の

数値実験を行い、その結果を集計してα=1.79, β=1.47 と決定した。 

上述した(2.2)式、(2.3)式、(2.4)式のいずれかを用いて雲からの降水生成が計算されると、

降水生成後の残存雲水量l(z)が求まる。これと、(2.1)式で診断された雲粒数密度ncを用いて、

雲の粒子半径を次のように算出する。 

31
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ただし、ρwは液体水の密度である。 

衛星観測で得られるのは雲粒の有効半径であるので、モデルからも有効半径を評価する。

有効半径re(z)は(2.5)式で得られる平均半径rc(z)と経験的に次のように関係づけられる： 

)()( 31 zrkzr ce
−=  

ただし、kは雲粒の粒径分布関数に依存するパラメータであり、Martin et al. (1994)によれば
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半径rcb,iの値は表１に示す。海塩粒子の数密度 nseasalt(z) も硫酸塩・炭素性と同様の方法で質

量濃度から計算される。 

 

 

 

Table 2.1 Particle density and radius of sulfate and carbonaceous aerosols assumed for

calculation of aerosol particle number concentration. 

Species Sulfate Carbonaceous 

Origin  Forest fire 

(tropical) 

Forest fire 

(other) 

Fossil 

fuel 

Fuel 

wood 

Agriculture Terpene 

Density 

(g/cm3) 

1.769 1.473 1.468 1.442 1.462 1.468 1.5 

Radius 

(µm) 

0.07 0.1 

 

このようにして評価されたエアロゾルの数密度 na(z) から、次のような経験式(Numaguti 

1999, personal communication)を用いて雲粒数密度 nc(z) を診断的に求める： 

ma

ma
c nzn

nznzn
+

=
)(
)()(

ε
ε

    (2.1) 

ただし ε, nm は定数である。この式(2.1)によれば、na が nm に比べて小さいときにはnc は 

na に比例する形で増加し、na が nm と同程度かそれ以上に大きいときにはnc は頭打ちの値 

nm に近づく（図 2.1参照）。前者は清澄な大気状態（主に海上）、後者は汚れた大気状態（主

に陸上）に対応する。(2.1)式は、定数 ε, nm の値をε=1, nm=4×108m-3とするとMartin et al. 

(1994) の観測結果をよく表現できる。 
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P：降降⽔水量量（⼤大気から除去される雲⽔水の量量）、τp：降降⽔水の時定数、l：雲⽔水量量、nc：雲粒粒数濃度度、na：エアロゾル数濃度度



領領域モデルによる雲解像シミュレーション
⾼高解像な領領域モデル上で雲微物理理モデルを使って解く

10

4 Evaluation of model performance with the modified
aerosol scheme

4.1 Calculations of CN and CCN number concentration

CN and CCN number concentrations were calculated by

newly constructed aerosol size distributions and hygro-

scopicity using SPRINTARS aerosol number concentra-
tions. Figure 4 illustrates the horizontal distributions of

column-integrated CN and CCN number concentrations at

a fixed supersaturation of 0.6 % (denoted as ‘this study’),
compared with the differences from the original scheme (as

‘this study-original’) at the initial time. The difference

caused by the modification of case 1 showed a lower col-
umn CN number concentration over oceanic area, but a

higher CCN number concentration than in the original

scheme was simulated in this study. It results from the
unrealistic power-law size distribution of sea salt aerosol in
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(a) (b) (c)Fig. 3 Initial vertical profiles of

a potential temperature (h),
b relative humidity (RH), and
c CN number concentration
averaged over the target area of
cases 1 (black solid line) and 2
(red dotted line). Horizontal
lines indicate the standard
deviation at a given altitude
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case 1
(maritime)

case 2
(polluted)
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Gosan

Fig. 4 Spatial distributions of vertically integrated a CN and b CCN
number concentrations (unit: 9106 cm-2) from surface to model top
layer from the simulation of this study (shown by gray-scale color
bar) and the differences from the simulation with original version

(this study-original) over the target domain (blue-red color bar) for
cases 1 and 2. Upper panel shows the results of case 1 (maritime) and
lower panel does that of case 2 (polluted). Gosan site is marked by
black cross for top left figure

I. Choi et al.
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4.2 Cloud microphysical properties

Figure 6 displays the horizontal distributions of simulated

cloud microphysical parameters [i.e., cloud effective radius

near cloud top (Re), cloud liquid water path (LWP), and
cloud optical thickness (COT)] for cases 1 and 2 at 03 UTC

on the target days with Terra/MODIS cloud retrievals.

Satellite-derived variables from the Terra/MODIS sensor

with a horizontal resolution of approximately 0.1! were
obtained by the algorithm of Nakajima and Nakajima

(1995) and Nakajima et al. (2005), and then they are

interpolated to grid points of model. It is apparent that
model simulations reproduce the horizontal distributions of

target cloud with a large number of small-scale cloud cells
over oceanic area, particularly in case 1, although simu-

lated low-level cloud fraction seems to be underestimated.

LWP [g m-2]

(a) Re (b) LWP

case 1 
(maritime)

case 2 
(polluted)

model 
simulation

MODIS 
satellite 
retrieval

model 
simulation

MODIS 
satellite 
retrieval

Re [µm]

COT

(c) COT

Fig. 6 Spatial distributions of a cloud effective radius at the cloud
top (Re, unit: lm), b cloud liquid water path (LWP, unit: g m-2) and
c cloud optical thickness (COT, unitless) for cases 1 (03 UTC 13

March, two upper panels) and 2 (03 UTC 24 March, two lower
panels), respectively, from model simulation and Terra/MODIS
satellite retrievals. Color bars are separated for Re, LWP and COT
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CCNの濃度度 [cc-‐1] 雲粒粒有効半径[µm]（モデル） 雲粒粒有効半径[µm]（衛星）

LESによる層積雲（Open	  CellとClosed	  cell）の理理想実験（Aerosol量量は固定）

(Wang and Feingold 2009)

(Choi et al. 2013)

領領域モデルによる積雲の再現実験（エアロゾル量量も予報）

初期エアロゾル ~500 cc-1~150 cc-1~65 cc-1

問題点：
計算領領域が限られる、エアロゾルに関して側⾯面の境界で殆ど決まる事例例しか扱えない

他にも
• Berner et al. 2011
• Wang et al. 2012
• Sato et al. 2014
• Yamaguchi et al. 2015
など多数

他にも
• Lynn et al. 2005
• Iguchi et al. 2008
• Sato et al. 2009, 2012
• Liu et al. 2015
など多数

dx
=3
00
m
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宣伝：SCALEでもやってます！
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[Y.  Sato  et  al.,  SOLA,  2015]

利利⽤用した計算資源：約160万NH
出⼒力力40TB



雲微物理理モデル

ビン法

バルク法
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Size Distribution Function(SDF)
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Conversion

各モードをMassのみで表現：1-‐moment	  bulk
各モードをMassとNumberで表現：2-‐momentbulk

雲粒粒サイズを直接予報



雲エアロゾル相互作⽤用をどう表現して
いるか？
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雲解像モデルの場合：雲が直接計算される→雲エアロゾル相互作⽤用を直接扱える
Ø 1-‐moment bulk法（雲⽔水のMassのみを予報）：雲⽔水→⾬雨⽔水の変換速度度の項に反映

Ø 2-‐moment bulk法（雲⽔水のMassと数密度度を予報）
Ø Bin法（雲粒粒のサイズを陽に予報）
雲粒粒⽣生成の計算で陽にエアロゾルの影響を取り⼊入れる(Prupakker and	  Klert 1997,	  Køheler,	   1939)

from the one-moment bulk scheme in the assumption
about the type of size distribution function and in the
process of its determination. The two-moment bulk
scheme assumes the generalized gamma distribution as
the size distribution function, and the size distribution
itself is determined not only by the mass concentration
but also by the number concentration. In this sense, the
two-moment bulk scheme is more sophisticated than
the one-moment bulk scheme. The spectral bin scheme
is an intrinsically sophisticated method compared with
the others. It explicitly predicts the size distribution. To
compensate for the detailed expression of size distribu-
tion, the spectral bin scheme requires about four- to
fivefold larger number of prognostic variables compared
with the other two schemes.
Although the three microphysical schemes treat both

warm and ice phase cloud, the ice phase was not calcu-
lated because the temperature at the model top is
greater than 273.15 K. In this case, the categorization
of hydrometeors for each scheme is as follows. The
one-moment and two-moment bulk schemes address
two types of hydrometeors: cloud droplet and raindrop
for warm rain process. The spectral bin scheme
addresses only a type of water drop, which covers the
particle size of both cloud droplets and raindrops. For
the spectral bin scheme, the radius of newly generated
cloud particles by nucleation is set to 3 μm (Suzuki et
al. 2006). The size distribution of hydrometeors is discre-
tized to 33 bins; its configuration has been established
by several previous studies (e.g., Khain and Sednev
1996; Iguchi et al. 2008). The center of mass of ith bin
(mi) is set by using the i-1-th bin (mi-1) as mi = 1.874
mi-1. m1 is the mass of cloud particles whose radius is
3 μm.
All three schemes consider the generation of cloud

droplets, condensation, evaporation, and sedimentation
of cloud hydrometeors. Although the two-moment bulk
scheme also considers the breakup of cloud droplets,
this difference is minor based on sensitivity experiments
examining the breakup process (figure not shown). Sedi-
mentation is calculated by the first-order upwind scheme
for all three schemes.
Since the generation of new cloud droplets is one of

the critical processes in this experiment, the difference
in this process among the schemes should be noted.
The mass of newly generated cloud droplets is calcu-
lated by saturation adjustment in the one-moment bulk
scheme, which was also used in some one-moment bulk
schemes in the RICO study. By contrast, it is calculated
by the nucleation schemes in the two-moment bulk and
spectral bin schemes. The number concentration of the
cloud droplets (Nc,nucl) generated by the nucleation
process is calculated as follows (e.g., Pruppacher and
Klett 1997):

Nc;nucl ¼ N0Swk ; ð4Þ

where Sw is supersaturation over water. The constants
N0 and k are set as N0 = 100 × 106 m−3 and k = 0.462.
This scheme was also used in several models used in the
RICO study. The growth of cloud droplets into rain-
drops is another key issue for this experiment, as well as
the underlying creation process. In the bulk scheme, this
is expressed as autoconversion and accretion. To investi-
gate the strength of the impact of the autoconversion
and accretion processes, we conducted the same simula-
tion with autoconversion and accretion ratios that were
twice as large (0.067-fold smaller) as the two-moment
(one-moment) scheme. The autoconversion rate (Pauto)
in the one-moment bulk scheme is calculated as in
Tomita (2008), which was based on Berry (1968):

Pauto ¼
1
ρ

16:7$ ρqcð Þ2 5þ 3:6$ 10−5Nc;T08

Ddρqc

! "# $

kg kg‐1s‐1
% &

;

ð5Þ

where Dd = 0.1456−5.964 × 10−2 log (Nc,T08/2000), qc is
the cloud water mixing ratio, and Nc,T08 is the number
concentration of cloud droplets. In Tomita (2008),
Nc,T08 was set as 50 cm−3, but in this study, Nc,T08 was
set as 70 cm−3 based on the experimental setup in the
RICO study (van Zanten et al. 2011). Another autocon-
version scheme from Khairoutdinov and Kogan (2000)
was implemented into the one-moment bulk scheme be-
cause it had performed better than the scheme of Berry
(1968) in a GCM (Suzuki et al. 2004). The scheme was
also adopted in some models used in the RICO study.
Pauto in the Khairoutdinov and Kogan (2000) scheme is
calculated as:

Pauto ¼ 1350$ q2:47c $ N−1:79
c;T08 kgkg‐1s‐1

% &
ð6Þ

Using the schemes shown above, we attempted to
reproduce the diversity of the LES results in the RICO
study.

Results and discussion
Basic performance of SCALE-LES
The validity of SCALE-LES was confirmed through
comparison with a previous study (van Zanten et al.
2011). The results of the spectral bin scheme were
regarded as a reference solution of SCALE-LES, because
it is the most sophisticated scheme of the three. First,
the results of the reference solution were compared with
the previous study. As shown in Figs. 1 and 2, the results
of our model (SCALE-LES) are within the range between
the maximum and minimum of the intercomparison
study in terms of temporal evolution and vertical profile
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に含めて扱っている。(A.10)式の移流方程式を数値的に解く際にはvan Leer (1977)の移流ス

キームを用いる。 

2. 核形成 

核形成過程では、雲粒および氷晶の生成を計算する。 

まず、雲粒の生成の取り扱いについて説明する。雲粒はエアロゾル粒子が雲核となって

生成するので、その過程を詳細に扱うためにはエアロゾル粒子についても粒径分布の変化

を陽に扱うモデルが必要となる。その場合には、エアロゾル粒子についても粒径分布を離

散化して扱うビン法モデルを用いる。エアロゾルからの雲粒生成は次のように計算される。

まず、力学過程の計算から得られる水蒸気量qと気温Tから液面に対する過飽和度Swを計算

する。この過飽和度Swに依存して、雲核として活性化するエアロゾルの最小サイズである臨

界半径が次のように計算される： 
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ただし、σは水の表面張力、Rvは水蒸気気体定数、ρLは液体水密度、ρsはエアロゾル物質の

密度、mvは水の分子量、msはエアロゾル物質の分子量、iはエアロゾル物質のファントホッ

フ係数である。(A.11)式において第三式で与えられるBはエアロゾル物質の種類に依存して

決まるパラメータである。(A.11)式によれば、過飽和度Swが高いほど臨界半径rN,critは小さい

値となり、より小さいエアロゾルまで活性化されて雲核となることを意味する。臨界半径

より大きなサイズのエアロゾル粒子は雲核となることで消費されるので、エアロゾルの粒

径分布はそのサイズの部分が削られることになる。この削られたぶんのエアロゾル粒子の

総数密度を液滴粒子（雲粒）の最小ビンに加えることで雲粒の生成を計算する。 

このようにエアロゾルについてもビン法モデルを用いれば雲粒の生成過程を詳細に取

り扱うことができるが、計算コストの増大や計算の複雑さを避けるために、上の計算方法

だけでなく、より簡略化した計算方法も採用することにした。それは雲凝結核の活性化ス
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エアロゾル量量と化学組成に応じて雲粒粒になる粒粒⼦子のサイズを計算（理理論論式）

エアロゾル数濃度度と過飽和度度（湿度度）で決まるCCNの数濃度度を取り込む

13

エアロゾルの効果の表現方法（MIROCの例, Berry 1967）

CCSR/NIES AGCMではグリッド・スケールの雲に関わる凝結過程を計算する際に、Le 

Treut and Li (1991) のスキームに基づき、水分量のサブ・グリッドスケールの分布を仮定し

て過飽和部分の水分量を凝結させて雲水量としている。そして、このようにして決められ

た雲水量lが、ある時定数τpで降水に変換されると考えて降水の生成を計算する。すなわち、

単位時間あたりの降水生成量Pは 

p

l
t
lP

τ
=

∂
∂

−=  

で計算される。降水の時定数τpは雲水から降水への変換の早さを特徴づけており、いくつか

のタイプのバルク・パラメタリゼーションで表現される。歴史的に最も簡単なパラメータ

化はKessler (1969)によるもので 
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と表される。この式によると、雲水量lが臨界値lcより小さい場合には降水は全く起こらない。

Sundqvist (1978)はこれを修正した形の次の式を提案した： 

( )[ ]2
0

exp1
)(

c
pp ll
l

−−
==

τττ   (2.2) 

CCSR/NIES AGCMの標準版ではこの式(2.2)が用いられている。Sundqvist(1978)のパラメータ

化の式(2.2)によれば、降水時定数は雲水量lのみに依存して決まり、雲水が増加するにした

がって時定数は短くなって降水生成が早まる。この式(2.2)は雲粒サイズの情報を含まないの

で、エアロゾル寿命効果は取り入れられていない。本研究では以下に述べるようなエアロ

ゾル寿命効果を含むタイプのパラメータ化と比較するために、上式(2.2)を用いた計算を行っ

た。その際、lc = 10-4 kg/kg, τ0 = 104 s とした。 

他のタイプのパラメータ化として、雲粒サイズの情報を含むものがある。その古典的な定

式化は Berry (1967) によるものであり、降水時定数が次のように表現される： 
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ただし、ρ は大気密度、α, β, γ は定数である。この式(2.3)は、Kessler (1969)やSundqvist (1978)

とは異なり、降水生成効率が雲水量だけでなく雲粒数密度に依存する効果も取り入れてい

るので、エアロゾル寿命効果を考慮に入れたパラメータ化となっている。(2.3)式によれば、

雲粒数密度ncが多くて雲粒一個あたりの質量ρl/ncが小さいと、降水が生成する時定数τpはそ

れに線型に依存する形で長くなる。本研究ではLohmann and Feichter (1997) に従い、

α=0.35, β=0.12, γ=5.7⋅10−12として数値実験を行った。 

雲粒数密度の影響を含むその他のパラメタリゼーションとして、Khairoutdinov and Kogan 

(2000) がある。それによると、降水時定数τpは雲粒数密度ncに非線型に依存する： 

β

α

ττ
l
nnl c

cpp ∝= ),(   (2.4) 

Khairoutdinov and Kogan (2000) は雲の粒径分布関数を陽に計算するモデルを用いて多数の

数値実験を行い、その結果を集計してα=1.79, β=1.47 と決定した。 

上述した(2.2)式、(2.3)式、(2.4)式のいずれかを用いて雲からの降水生成が計算されると、

降水生成後の残存雲水量l(z)が求まる。これと、(2.1)式で診断された雲粒数密度ncを用いて、

雲の粒子半径を次のように算出する。 
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ただし、ρwは液体水の密度である。 

衛星観測で得られるのは雲粒の有効半径であるので、モデルからも有効半径を評価する。

有効半径re(z)は(2.5)式で得られる平均半径rc(z)と経験的に次のように関係づけられる： 

)()( 31 zrkzr ce
−=  

ただし、kは雲粒の粒径分布関数に依存するパラメータであり、Martin et al. (1994)によれば
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半径rcb,iの値は表１に示す。海塩粒子の数密度 nseasalt(z) も硫酸塩・炭素性と同様の方法で質

量濃度から計算される。 

 

 

 

Table 2.1 Particle density and radius of sulfate and carbonaceous aerosols assumed for

calculation of aerosol particle number concentration. 

Species Sulfate Carbonaceous 

Origin  Forest fire 

(tropical) 

Forest fire 

(other) 

Fossil 

fuel 

Fuel 

wood 

Agriculture Terpene 

Density 

(g/cm3) 

1.769 1.473 1.468 1.442 1.462 1.468 1.5 

Radius 

(µm) 

0.07 0.1 

 

このようにして評価されたエアロゾルの数密度 na(z) から、次のような経験式(Numaguti 

1999, personal communication)を用いて雲粒数密度 nc(z) を診断的に求める： 

ma

ma
c nzn

nznzn
+

=
)(
)()(

ε
ε

    (2.1) 

ただし ε, nm は定数である。この式(2.1)によれば、na が nm に比べて小さいときにはnc は 

na に比例する形で増加し、na が nm と同程度かそれ以上に大きいときにはnc は頭打ちの値 

nm に近づく（図 2.1参照）。前者は清澄な大気状態（主に海上）、後者は汚れた大気状態（主

に陸上）に対応する。(2.1)式は、定数 ε, nm の値をε=1, nm=4×108m-3とするとMartin et al. 

(1994) の観測結果をよく表現できる。 
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P：降降⽔水量量（⼤大気から除去される雲⽔水の量量）、τp：降降⽔水の時定数、l：雲⽔水量量、nc：雲粒粒数濃度度、na：エアロゾル数濃度度

雲粒粒→⾬雨粒粒への変換率率率

NICAMの現在の開発状況
• バルク法の2-‐moment化
• ビン法の実装（全球ビン）



全球スケールで雲を解像するNICAMとエアロゾル輸送モデルを結合した実験により
これまでの問題点を解決したシミュレーションを⾏行行う

まとめてみると・・・

l 雲エアロゾル相互作⽤用に関するシミュレーションの不不確定性の
要因の⼀一つは雲を解像できない解像度度の問題

l 領領域モデルや理理想化実験では境界の問題や初期値の問題がどう
してもついて回る

l なら、全球で雲とエアロゾルを解像して計算すればいい

14

環境省環境研究総合推進費S-12アドバイザリーボード会合　（2015年9月3日, 東京）　竹村 俊彦

エアロゾル気候モデルSPRINTARSの概略
参考文献: Takemura et al. (JGR, 2000; JCLI, 2002; JGR, 2005; ACP, 2009)

SO2, DMS, 
NOx, VOC, 
etc.

気体 エアロゾル

鉱物粒子, 海塩粒子, 
黒色炭素, 有機物

1次粒子
硫酸塩, 有機物, 
硝酸塩

2次粒子

発生

湿性沈着 
（溶解） 
乾性沈着 
（乱流）

化学反応 
核生成

湿性沈着 
（雨滴・雪片衝突） 

乾性沈着 
（乱流・重力落下）

移流・対流・拡散 雲粒 
氷晶

凝結核 
氷晶核

降水 
降雪

気候モデル（MIROC）
解像度: T213/T106/T85/T42 

L56/L40/L20風・気温・雲・雨・etc.

発生

エアロゾルの
気候影響 
エアロゾル・
放射相互作用 
太陽放射・赤外放射
の散乱・吸収 

放射吸収性エアロゾ
ルの直接効果による

雲の変化 

エアロゾル・
雲相互作用 

雲の凝結核・氷晶核
の役割を通した雲粒
径・雲寿命の変化

環境省環境研究総合推進費S-12アドバイザリーボード会合　（2015年9月3日, 東京）　竹村 俊彦

S-12-3(1) 研究計画
年度 研究計画

26
• 既存の排出量インベントリ・シナリオを用いて、エアロゾル気候モデルSPRINTARSに
よるシミュレーションを行う。→ モデル相互比較プロジェクトへの参画を含む 
• エアロゾルによる影響が明確に見られる気象場のシグナルを把握する。

27 • 既存の排出量インベントリ・シナリオを用いて、過去・現在・将来のエアロゾル・放射相互作用、エアロゾル・雲相互作用、それらのフィードバック過程を通した気候変動を
定量的に評価する。→ モデル相互比較プロジェクトへの参画を含む

28 • テーマ1および2で作成される排出量インベントリを用いて、過去・現在のエアロゾル・放射相互作用、エアロゾル・雲相互作用、それらのフィードバック過程を通した気候変
動を定量的に評価する。

29
• テーマ1および2で作成される排出量インベントリを用いて、将来のエアロゾルによる気
候変動を定量的に評価する。 
• テーマ4で行われる気候変動緩和および大気汚染緩和のためのSLCP削減最適パス探査へ
提供するためのシステムの構築を行う。

30
• 再検討される排出量シナリオを用いて将来のシミュレーションを行い、エアロゾルの気
候影響評価を定量的に行う。 
• テーマ4で行われるSLCP最適削減パス探査のための統合運用システムの構築に貢献す
る。



計算機の進歩とNICAM-‐‑‒Chem

Standard  experiments Before  using  K After  using  K

Global  simulation dx=7km  for  6 days
dx=56km  for  1  month

dx=3.5km  for  2  weeks
dx=14km  for  2  month

Regional  simulation  
(Stretching) dx=10km  for  1  month dx=10  km  for  4  years

dx:  horizontal   resolution   in  NICAM

Earth	  Simulator 京



実験設定
l 解像度：水平解像度3.5km（GL11）、鉛直38層
l 初期値：NCAP-FNL（力学）、56km計算 ２年分の積分から内挿（エアロゾル）
l 積分期間：2011/11/17から14日
l 雲物理：Tomita (2008)（積雲パラメタリゼーションは用いず）
l 乱流：MYNN (Nakanishi and Niino 2006)
l 陸面：MATSIRO (Takata and Emori 1999)
l エアロゾル：SPRINTARS

(Takemura et al. 2005, Goto et al. 2013, Dai et al., 2013)
l 放射：MSTRN-X（Sekiguchi and Nakajima 2008)
l エアロゾルのemission：HTAP

l 人為起源：EDGAR-HTAP_V2 (Janssens-Maenhout et al., 2015)
l それ以外：Takemura et al. (2005)と同じもの

l 感度実験：水平解像度を3.5km相当（GL11）、14km（GL09）、56km(GL07)
に変更して実行



実験結果（動画）

17

GL11（ dx=3.5km）で計算されたエアロゾルの全球分布

茶茶⾊色：Dust粒粒⼦子、緑：硫硫酸塩＋炭素性エアロゾル、⻘青：海塩



全球の平均的な雲場の⽐比較

18

雲の光学的厚さ（NICAM：10⽇日平均） 雲の光学的厚さ（MODIS衛星：11⽉月平均）

エアロゾルの光学的厚さ（NICAM：10⽇日平均） エアロゾルの光学的厚さ（MODIS衛星：11⽉月平均）



利利⽤用した計算資源
GL11(dx=3.5km)：
l １事例例（２週間積分）：20480node × 19時間 × 2リスタート
（約80万NH）

l 計算は7事例例：約560万NH
l 計算結果の変換：640node× 4時間 × 20回（約5万NH）
GL09(dx=14km)：
l １事例例（２ヶ⽉月積分）：640node × 1時間 × 60リスタート
（約4万NH）

l 計算は４事例例：約16万NH
l 計算結果の変換：クラスタで実施

19

その他として、感度度実験、物理理チューニングなどのためにおおよそ20万NH程度度

H26年年度度の課題全体の利利⽤用率率率:   9854176/9907200  [NH](=99.47%)



利利⽤用したストレージ

保存⽅方法
l 京のディスク：45TB
l 共⽤用ストレージ：150TB (複製度度は全て１)
l AICS気候チームサーバー（20TB）
l JAMSTECサーバー：60TB
l 個⼈人のRaid：10TB（科研費で購⼊入）

20その他として、感度度実験、物理理チューニングなどのためにおおよそ20万NH程度度

GL11(dx=3.5km)：
l １事例例（２週間積分）：
l ⽣生データ：約32TB
l GrADS形式ファイル：3TB
l 全部で7事例例：245TB

Thunderbolt→10G

Raid : 20 TB

全部で54TB



まとめ
l 雲とエアロゾルの相互作⽤用を理理解するため、雲、エアロゾル、
雲エアロゾル相互作⽤用を陽に計算する全球実験を⾏行行っている

l 京のような計算機を⽤用いれば全球規模での上記の実験が（科学
的な議論論ができる程度度の積分時間で）可能になってきた

l 解像度度を上げることで、北北極向きのBC輸送の過⼩小評価を改善で
きる可能性がある（現在査読中のため箝⼝口令令）

l これは雲エアロゾル相互作⽤用の空間分布の再現性が良良くなった
と捉えることができる

計算をやりながら困ったこと
l この⼿手の計算に利利⽤用した計算資源は560万NH
（⽣生涯消費資源は1000万NHに迫る：僕の給料料の？年年分のお⾦金金）
l ディスクが⾜足りない
l 転送がしんどい
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