
Current-generation Global Climate Models inevitably 
underestimate pollutant transports to the Arctic 

I VP CL 9T] LVT T ]L( 9T L ST IL ST] 5LT VP 8 )

D STSTV DLVPX ]L* 9T] XT D XT L DP] d VT LVLUTXL

tjB: 6 2:4C ujDSP EYTaP] T d D Vd vj L T YLW :Y T P ]
6YaT] YXPY LW C Od wjB:2 d S EYTaP] T dixj;2H2 6 B4

DSP * S :Y P]YL T YLW G ]V S [ Y YSdO] L TN OPW 

 

 1 
 

2016 年 5 月 25 日 

理化学研究所 

東京大学 

九州大学 

国立環境研究所 

 

 

北極域への「すす」の輸送メカニズムを解明 

－｢京｣を用いた超高解像度の全球大気汚染物質シミュレーション－ 

要旨                                   

理化学研究所計算科学研究機構複合系気候科学研究チームの佐藤陽祐基礎科

学特別研究員と富田浩文チームリーダーらと、東京大学、九州大学、国立環境

研究所らの共同研究グループ※は、スーパーコンピュータ「京」[1]を用いた超高

解像度シミュレーションにより、気候変動に大きな影響を与える粒子状の大気

汚染物質である「すす（黒色炭素[2]）」の北極域への輸送メカニズムを解明しま

した。 

エアロゾル[3]の一種である黒色炭素の多くは人間活動によって放出され、大気

中の長い距離を輸送されます。北極圏の雪や氷の上に降り積もった黒色炭素は、

その色を黒く変えてしまい、太陽光の反射率を低下させて地球温暖化を促進し

ます。このように、北極圏の黒色炭素量は地球温暖化に直接影響を及ぼす可能

性があることから、人間活動が活発な中緯度帯から北極圏への黒色炭素輸送量

の正確な推定が必要とされています。しかし、これまでの北極圏における観測

結果はシミュレーションよりも多量の黒色炭素の存在を示しており、従来の気

候モデルの表現する”清浄すぎる北極圏”と現実との間には不整合が存在して

いました。 

共同研究グループは、基本原理に忠実な全球大気モデルと精緻化されたエア

ロゾルモデルを融合させて、「京」を最大限に駆使し、従来よりも一桁高い数

㎞の水平解像度[4]でのシミュレーションを実施しました。これにより、黒色炭素

の北極への輸送量について、実際の観測結果をより良く再現しました。同時に、

従来の低解像度のシミュレーションでは、低気圧周辺において空気の混合が弱

く輸送が十分ではなかったため、および、降水に伴って大気中から過剰に除去

していたため黒色炭素輸送量を過少評価していたことが明らかになりました。 

今後、より高性能なスーパーコンピュータの性能を最大限駆使することで、

より不確実性を減らした気候変動予測が可能になると期待できます。 

本研究の一部は課題代表者：宇宙航空研究開発機構 中島映至センター長によ

る HPCI 一般課題[5]「全球規模大気環境汚染に関わる統合環境モデリング（課題

番号：hp140046）」および「次世代型大気汚染物質輸送モデルの精緻化と排出

量の推定（課題番号：hp150156）」として実施されました。 

成果は、英国の科学雑誌『Scientific Reports』に掲載されるのに先立ち、オン

ライン版（5 月 25 日付け：日本時間 5 月 25 日）に掲載されました。 
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tration change, 0.97 (0.80 to 1.14) W m–2 versus 0.48 (0.43 to 0.53) 
W m–2, respectively. This is because emission of CH4 leads to ozone 
production, stratospheric water vapour, CO2 (as mentioned above), and 
importantly affects its own lifetime (Section 8.2). Actually, emissions of 
CH4 would lead to a stronger RF via the direct CH4 greenhouse effect 
(0.64 W m–2) than the RF from abundance change of CH4 (0.48 W m–2). 
This is because other compounds have influenced the lifetime of CH4 
and reduced the abundance of CH4, most notably NOx. Emissions of CO 
(0.23 (0.18 to 0.29) W m–2) and NMVOC (0.10 (0.06 to 0.14) W m–2) 
have only indirect effects on RF through ozone production, CH4 and 
CO2 and thus contribute an overall positive RF. Emissions of NOX, on 
the other hand, have indirect effects that lead to positive RF through 
ozone production and also effects that lead to negative RF through 

reduction of CH4 lifetime and thus its  concentration, and through con-
tributions to nitrate aerosol formation. The best estimate of the overall 
effect of anthropogenic emissions of NOX is a negative RF (-0.15 (-0.34 
to +0.02) W m–2). Emissions of ammonia also contribute to nitrate aer-
osol formation, with a small offset due to compensating changes in 
sulphate aerosols. Additionally indirect effects from sulphate on atmos-
pheric compounds are not included here as models typically simulate 
a small effect, but there are large relative differences in the response 
between models. Impacts of emissions other than CO2 on the carbon 
cycle via changes in atmospheric composition (ozone or aerosols) are 
also not shown owing to the limited amount of available information.

For the WMGHG, the ERF best estimate is the same as the RF.  The 
uncertainty range is slightly larger, however.  The total emission-based 
ERF of WMGHG is 3.00 (2.22 to 3.78) W m–2.  That of CO2 is 1.68 (1.33 
to 2.03) W m–2; that of CH4 is 0.97 (0.74 to 1.20) W m–2; that of strat-
ospheric ozone-depleting halocarbons is 0.18 (0.01 to 0.35) W m–2.

Emissions of BC have a positive RF through aerosol–radiation interac-
tions and BC on snow (0.64 W m–2, see Section 8.3.4 and Section 7.5). 
The emissions from the various compounds are co-emitted; this is in 
particular the case for BC and OC from biomass burning aerosols. The 
net RF of biomass burning emissions for aerosol–radiation interactions 
is close to zero, but with rather strong positive RF from BC and negative 
RF from OC (see Sections 8.3.4 and 7.5). The ERF due to aerosol–cloud 
interactions is caused by primary anthropogenic emissions of BC, OC 
and dust as well as secondary aerosol from anthropogenic emissions 
of SO2, NOX and NH3. However, quantification of the contribution from 
the various components to the ERF due to aerosol–cloud interactions 
has not been attempted in this assessment.

8.5.2 Time Evolution of Historical Forcing

The time evolution of global mean forcing is shown in Figure 8.18 for 
the Industrial Era. Over all time periods during the Industrial Era CO2 
and other WMGHG have been the dominant term, except for short-
er periods with strong volcanic eruptions. The time evolution shows 
an almost continuous increase in the magnitude of anthropogenic 
ERF. This is the case both for CO2 and other WMGHGs as well as sev-
eral individual aerosol components. The forcing from CO2 and other 
WMGHGs has increased somewhat faster since the 1960s. Emissions 
of CO2 have made the largest contribution to the increased anthropo-
genic forcing in every decade since the 1960s. The total aerosol ERF 
(aerosol–radiation interaction and aerosol–cloud interaction) has the 
strongest negative forcing (except for brief periods with large volcanic 
forcing), with a strengthening in the magnitude similar to many of the 
other anthropogenic forcing mechanisms with time. The global mean 
forcing of aerosol–radiation interactions was rather weak until 1950 
but strengthened in the latter half of the last century and in particular 
in the period between 1950 and 1980. The RF due to aerosol–radiation 
interaction by aerosol component is shown in Section 8.3.4 (Figure 8.8).

Although there is high confidence for a substantial enhancement in the 
negative aerosol forcing in the period 1950–1980, there is much more 
uncertainty in the relative change in global mean aerosol forcing over 
the last two decades (1990–2010). Over the last two decades there 
has been a strong geographic shift in aerosol and aerosol precursor 

Figure 8.17 | RF bar chart for the period 1750–2011 based on emitted compounds 
(gases, aerosols or aerosol precursors) or other changes. Numerical values and their 
uncertainties are shown in Supplementary Material Tables 8.SM.6 and 8.SM.7. Note 
that a certain part of CH4 attribution is not straightforward and discussed further in 
Section 8.3.3. Red (positive RF) and blue (negative forcing) are used for emitted com-
ponents which affect few forcing agents, whereas for emitted components affecting 
many compounds several colours are used as indicated in the inset at the upper part 
the figure. The vertical bars indicate the relative uncertainty of the RF induced by each 
component. Their length is proportional to the thickness of the bar, that is, the full length 
is equal to the bar thickness for a ±50% uncertainty. The net impact of the individual 
contributions is shown by a diamond symbol and its uncertainty (5 to 95% confidence 
range) is given by the horizontal error bar. ERFaci is ERF due to aerosol–cloud interac-
tion. BC and OC are co-emitted, especially for biomass burning emissions (given as 
Biomass Burning in the figure) and to a large extent also for fossil and biofuel emissions 
(given as Fossil and Biofuel in the figure where biofuel refers to solid biomass fuels). 
SOA have not been included because the formation depends on a variety of factors not 
currently sufficiently quantified.
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Indeed, BC concentrations in snow samples taken in 
different parts of Arctic Eurasia are on average a factor 
of three to four times higher than concentrations in 
snow in Arctic Canada (Doherty et al., 2010).

For BC to reach the lower troposphere in the Arctic 
on time scales shorter than a few weeks, its source 
regions must be sufficiently cold. This is generally 
only the case in winter and early spring over northern 
Eurasia where the Arctic front can be located as far 
south as 40° N on average in January (see figure 1 of 
Barrie, 1986). Strong diabatic cooling of the air at the 
snow-covered surfaces in Eurasia not only helps to 
establish the polar dome itself but also allows polluted 
air from northern Eurasia to penetrate the entire Arctic 
at low altitudes on time scales of 10 to 15 days (Stohl, 
2006), depicted as pathway 3 in Figure 5.1.

BC can also penetrate the polar dome by slow 
descent from above (pathway 4) and by slow 
incorporation of extra-Arctic air via mixing into the 
polar dome (pathway 5). Both pathways require 
radiative cooling, which is a slow process (about 
1 K/d) and the associated descent from the upper 
troposphere will take several weeks. Since the Arctic 
middle and upper troposphere are connected to the 
middle latitudes on synoptic time scales of a few 
days, there is no upper tropospheric Arctic air mass 
with unique properties. Instead, air participating in 
this descent will involve a mixture of relatively clean 
background air (pathway 6) as well as anthropogenic 
and biomass burning pollution plumes from various 
mid-latitude source regions (Warneke et al., 2009, 
2010; Brock et al., 2011). All of the air involved in 

this process must have been lifted to the middle/
upper troposphere, so some or most of the BC will 
have been scavenged by precipitation (e.g., along 
pathway 2). Nevertheless, in pollution plumes the 
free tropospheric BC concentrations can be higher 
than those near the surface (Spackman et al., 2010). 
Eventually, the BC that has not been scavenged can 
be entrained into the boundary layer in the polar 
dome and reach the surface by dry deposition. Loss 
of BC at the surface is balanced by inflow from above 
(Spackman et al., 2010).

At high latitudes in the Arctic, most cloud particles 
are ice. The settling of ice crystals can redistribute 
BC from higher to lower altitudes. In addition, the 
settling wake can lead to the downward transport 
of additional particles. At more southerly latitudes 
in the Arctic, thin liquid water clouds occur. In these 
cases, BC scavenging and wet deposition can be 
enhanced by riming whereby ice crystals collide with 
supercooled droplets which freeze on contact.

Biomass burning plumes follow transport 
pathways to the Arctic that depend on the injection 
height of the plume. Fire-driven convection can inject 
aerosols into the free troposphere (pathway 7), thus 
reducing the efficiency of dry and wet deposition. 
The result is distinct aerosol layers in the high-
latitude free troposphere, which may subsequently 
be incorporated into the polar dome. Convection over 
boreal fires can be sufficiently strong to penetrate the 
tropopause and, thus, can inject aerosols directly 
into the stratosphere, where their residence time is 
particularly long (pathway 8).

Figure 5.1. Schematic illustration of processes relevant for transport of BC into the Arctic based on the study by Stohl (2006). In reality, 
the polar dome is asymmetric and its extent is temporally highly variable. In addition, its southernmost extent is greatest over Eurasia. 
The placement of the polar dome is more typical of the winter/spring situation, whereas in summer the dome is much smaller. Also 
note that the dome is not homogeneous but is itself highly stratified with strong vertical gradients.
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Global distribution of BC simulated by current generation GCMs
D. Koch et al.: Evaluation of black carbon estimations in global aerosol models 9013
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Fig. 7. Annual mean column BC load for 9 AeroCom models, mgm�2. The Schuster BC load is based on AERONET v2 level 1.5; annual
averages require 12 months of data, data include all AERONET up to 2008.

larger than Bond (Bond et al., 2004) or EDGAR32, so that
the outflow across the Pacific is greater. The large-biomass
burning case (1998) also results in greater BC transport to
Northwestern US in the column. Increasing BC lifetime in-
creases both BC surface and column mass more than the
other cases; however it has a larger impact on Southern
Hemisphere load than surface concentrations. The reduced
ice-out case has somewhat smaller impact on the column than
at the surface, especially for some parts of the Arctic. The
reduced ice-out thus has an enhanced effect at low levels, be-
low ice-clouds, in the Arctic, while having a relatively small
impact on the column. Modest model improvements relative

to the retrieval occur for the case with increased lifetime and
for the IIASA emissions (Table 6).

3.6 Aircraft campaigns

We consider the BC model profiles in the vicinity of recent
aircraft measurements in order to get a qualitative sense of
how models perform in the mid-upper troposphere and to
see how model diversity changes aloft. The measurements
were made with three independent Single Particle Soot ab-
sorption Photometers (SP2s) (Schwarz et al., 2006; Slowik
et al., 2007) onboard NASA and NOAA research aircraft at
tropical and middle latitudes (Fig. 9) and at high latitudes

www.atmos-chem-phys.net/9/9001/2009/ Atmos. Chem. Phys., 9, 9001–9026, 2009
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Fig. 10. Like Fig. 9 but for high latitude profiles. Mean (solid) and median (dashed) observed profiles are provided except for (c) the
ARCPAC campaign has distinct profiles for the mean of the 4 flights that probed long-range biomass burning plumes (dashed) and mean for
the 1 flight that sampled aged Arctic air (solid).

less than 20 ng kg�1 yet most of them are within the lower
limit of the observed standard deviation. Overall, most mod-
els are underestimating poleward transport, are removing the
BC too efficiently, or are not confining pollution sufficiently
to the lowest model levels due to excessive vertical diffusion.
The high-latitude summer ARCTAS campaigns encoun-

tered heavy smoke plumes for part of their campaign, so the
mean (Fig. 10 d-e, solid black) values are less characteristic
of typical conditions than the median (dashed). Most models
are within the observed standard deviation for the summer-
time data however overestimate relative to median BC above
500mb. Many of the models have little change in estimates
between spring and summer (e.g. compare Fig. 10b and d),

while the observed background conditions are less polluted
in summer. Similar to the lower latitudes, the models gener-
ally overestimate BC in the upper troposphere (Fig. 10a and
d) in the Arctic. On the other hand, the UTLS measurements
in the Arctic region are sparse and may not be statistically
significant.
The ratio of model to observed BC over the profiles for

Fig. 9 (south) and Fig. 10 (north), excluding the bottom 2 lay-
ers of each model, are given in Table 8; we use median
observed values for campaigns that encountered significant
biomass burning (Figs. 9d, 10d and e) and for the ARCPAC
spring (Fig. 10c) we use the background profile. The av-
erage model ratio is 7.9 in the south and 0.41 in the north.
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Fig. 10. Like Fig. 9 but for high latitude profiles. Mean (solid) and median (dashed) observed profiles are provided except for (c) the
ARCPAC campaign has distinct profiles for the mean of the 4 flights that probed long-range biomass burning plumes (dashed) and mean for
the 1 flight that sampled aged Arctic air (solid).

less than 20 ng kg�1 yet most of them are within the lower
limit of the observed standard deviation. Overall, most mod-
els are underestimating poleward transport, are removing the
BC too efficiently, or are not confining pollution sufficiently
to the lowest model levels due to excessive vertical diffusion.
The high-latitude summer ARCTAS campaigns encoun-

tered heavy smoke plumes for part of their campaign, so the
mean (Fig. 10 d-e, solid black) values are less characteristic
of typical conditions than the median (dashed). Most models
are within the observed standard deviation for the summer-
time data however overestimate relative to median BC above
500mb. Many of the models have little change in estimates
between spring and summer (e.g. compare Fig. 10b and d),

while the observed background conditions are less polluted
in summer. Similar to the lower latitudes, the models gener-
ally overestimate BC in the upper troposphere (Fig. 10a and
d) in the Arctic. On the other hand, the UTLS measurements
in the Arctic region are sparse and may not be statistically
significant.
The ratio of model to observed BC over the profiles for

Fig. 9 (south) and Fig. 10 (north), excluding the bottom 2 lay-
ers of each model, are given in Table 8; we use median
observed values for campaigns that encountered significant
biomass burning (Figs. 9d, 10d and e) and for the ARCPAC
spring (Fig. 10c) we use the background profile. The av-
erage model ratio is 7.9 in the south and 0.41 in the north.
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Low resolution models cannot resolve detailed structure of the low and 
frontal system, and detailed structure has impacts on BC transport .......

But, the simulation with fine resolution is limited to one targeting area
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Fig. 7. Surface black carbon concentration (ngm�3
) over Barrow

from model simulations and PSAP measurements: (a) monthly av-
erage and (b) time series.

magnitude with resolution, from 3.7 ng kg�1 for the 160 km
grid-spacing simulation to 51.6 ng kg�1 for the 10 km grid-
spacing simulation (Fig. 8h and l). The BC concentrations
over Barrow in the high-resolution simulations averaged
over the corresponding 160 km grid cell increase monoton-
ically with increasing resolution, reaching 50.9 ng kg�1 in
the 10 km grid-spacing simulation. The instantaneous max-
imum BC concentration within the corresponding 160 km
grid cell over Barrow increases by about a factor of 30
(from 3.7 ng kg�1 to 95.6 ng kg�1

), suggesting that the spa-
tial variability of BC also increases with resolution, consis-
tent with previous studies (Gustafson Jr. et al., 2011; Qian et
al., 2010). These results suggest that the unrealistic assump-
tion of homogeneous aerosol distribution within each grid
cell in CAM5 might be at least partly responsible for the un-
derestimation of aerosol transport into the Arctic, and some
of the bias that remains in the high-resolution simulations is
likely due to the low values of BC present in the boundary
conditions for the regional simulations delivered to the re-
gion by the low-resolution CAM simulations.
Figure 8g–l show that the large difference in surface BC

concentration at Barrow is related to the filamentary structure
of aerosol plumes, which can only be resolved in the high-
resolution simulations, and the transport of BC from north-
east Asia to Barrow is sensitive to this flow feature. In high-
resolution simulations, a concentrated aerosol plume located
in the gap between the clouds of two frontal systems is evi-
dent (Fig. 8f and l). Since clouds and the associated precip-
itation play a critical role removing aerosols in CAM5 (Liu
et al., 2012; Wang et al., 2013) and the poleward transport

Fig. 8. The simulated (a)–(f) cloud fraction and (g)–(l) black carbon
mixing ratio (ng kg�1) at the second lowest model layer at 00Z of
20 April 2008. Numbers in (a)–(f) are the domain average cloud
fraction. In (g)–(l), black carbon mixing ratios at the second lowest
model over Barrow are given, and numbers in parentheses are the
maximum black carbon concentration within the 160 km cell over
Barrow.

of aerosols in these latitudes depends on features driven by
these eddies (Ma et al., 2013b), this cloudless transport path-
way between two mesoscale eddies facilitates the transport
of aerosols into the Arctic. In low-resolution simulations, the
coarse grids are unable to resolve these filamentary features
associated with mesoscale eddies; hence, aerosols are subject
to wet removal within clouds along the path.
All six aerosol species in MAM3 show behavior similar

to BC (Fig. 9) with more aerosols delivered to the Arctic
(north of 66.5� N) with increasing resolution, and the ef-
fect gradually accumulates over time. The 10 km model sim-
ulation appears to show a much larger increase of aerosol
burdens over other simulations. The transport of sea salt
aerosols into the Arctic shows the largest sensitivity to res-
olution for this domain. One possible explanation is that
the resolution-dependent cloud-free pathways are more fre-
quent over ocean than land in the simulations. Hence, the
impact of the cloud-free pathways (where aerosols are not
subject to cloud processing) is greatest for aerosols produced

Geosci. Model Dev., 7, 755–778, 2014 www.geosci-model-dev.net/7/755/2014/
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of aerosols into the Arctic. In low-resolution simulations, the
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Duration time：2 week (from Nov. 17 to Dec. 1 of 2011) [analyzed last 10 days]
Resolution：[Horizontal] 3.5km, 14km, 56km、[Vertical] 38 layers
Microphysics：1-moment bulk (Tomita, 2008), (3.5km 14km), LSC+CP (Chikira, 2013)(56km)
Initial condition (dynamics)：NCEP-NFL (Kalnay, 1996)
Initial condition (aerosols)：Interpolated from the result of NICAM-SPRINTARS for two years
with 56 km grid resolution
Emission inventory：

Anthropogenic：EDGAR-HTAP_V2.2 (Janssens-Maenhout et al., 2015)
Biomass burning：GFEDv3 (Randerson et al. 2013)

6c[P]TXPY LW P [

OPW :42 CAB: D2BC 

D XT L LYO CL S ( * CL S P LW ( . CL S P LW ( * DLVPX ]L P LW (  

DSP N X[ P]



( E A A G CE 6 66 E )
 E %

=N (CE 12  =N CE 12  =N ()CE 12  

• Amount of BC transported to Arctic is increased with fining resolution
• Mid-latitude low and frontal system has large contribution to the BC transport
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• Northward mass flux is increased with fining grid resolution
• Contribution of mid-latitude low and frontal system also increases with 
fining grid resolution



Regional variability of northward flux of BC
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As well as a comparison of the surface BCA level, the comparison of vertical profiles of BCA is important 
because current GCMs generally overestimate BCA in the upper layer4. The vertical profile indicated that the 
BCA level simulated with a fine grid resolution was large in all vertical layers (Fig. 6), which is consistent with the 
vertical profile of the BCA flux (Fig. 4). Unfortunately, in situ measurements of the vertical profile were not con-
ducted on the targeted date (November 2011). In the future, we should conduct experiments targeting the date 
when the aircraft measurements were conducted to assess the vertical distribution of BCA. However, to under-
stand the model performance, an assessment of the vertical profile through a comparison with the results of pre-
vious aircraft measurement is meaningful, even though the measurements were conducted in different seasons.

Based on a previous observational study5, the surface BCA level is at a minimum in summer. After the sum-
mer, the surface BCA level gradually increases to a maximum in spring. Although surface observation may be 
representative of the BCA level over the upper layer29, BCA over the upper layer displays a similar seasonal cycle 
to the surface according to several aircraft measurements (Polar Study using Aircraft, Remote Sensing, Surface 
Measurements, and Models of Climate Chemistry, Aerosols, and Transport: POLARCAT30, Arctic Research of 
the Composition of the Troposphere from Aircraft and Satellites; ARCTAS31, Aerosol, Radiation, and Cloud 
Processes affecting Arctic Climate: ARCPAC32, Polar Airborne Measurements and Arctic Regional Climate Model 
Simulation Project: PAMARCMiP33, and High-Performance Instrumented Airborne Platform for Environmental 
Research Pole-to-Pole Observations: HIPPO34,35). The BCA level simulated with the coarse resolution was much 
lower than in the aircraft measurements listed above, but the order of the BCA level simulated by the finest reso-
lution was closer to the aircraft measurement (several to several tenths ng m−3) (Fig. 6). However, our model did 
not show the reduction in the BCA level above the 10-km layer that was observed in spring (ARCTAS campaign) 
and in fall (HIPPO campaign). From these analyses, we can infer that as in current GCMs, our model also over-
estimated the BCA level above the boundary layer36. To improve the vertical distribution of BCA, a more detailed 
understanding of the microphysical processes of BCA, as well as a finer grid resolution, are required.

Figure 3. Vertical profile of the northward and upward black carbon aerosol (BCA) mass flux by lows and 
frontal systems. The vertical profile of the (a) zonally accumulated poleward BCA mass flux across 60°N and 
(b) horizontally averaged upward BCA mass flux around lows and frontal systems, simulated with (red) 3.5-km,  
(green) 14-km, and (blue) 56-km horizontal grid resolution, and averaged during the final 10 days of the 
simulation. The whiskers of each plot show the range from 5th to 95th percentile. The method used to extract 
lows and frontal systems were based on the previous study27.

Figure 4. Regional variability of the northward black carbon aerosol (BCA) mass flux. Zonally accumulated 
vertical profile of the northward BCA mass flux across 60°N over (a) the whole globe, (b) Europe and Siberia 
(0°E-120°E), (c) Asia (120°E-60°W), and (d) North America (60°W-0°E), simulated with (red) 3.5-km, (green) 
14-km, and (blue) 56-km horizontal grid resolution, and averaged during the final 10 days of the simulation. 
The whiskers of each plot show the range from the 5th to 95th percentile.
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• Increase of the BC transportation occurs over whole layer

• The difference between 3.5km and 14km is much smaller than that between 
14km and 56 km. 
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• Underestimation of the model is reduced with fining grid resolution
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