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Abstract 1 

Atmospheric transport of aerosols such as black carbon (BC) affects the 2 

absorption/scattering of solar radiation, precipitation, and snow/ice cover, 3 

especially in areas of low human activity such as the Arctic. The resolution 4 

dependency of simulated BC transport from Siberia to the Arctic, related to the 5 

well-developed low-pressure systems in September, was evaluated using the 6 

Nonhydrostatic Icosahedral Atmospheric Model–Spectral Radiation Transport 7 

Model for Aerosol Species (NICAM-SPRINTARS) with fine (~56 km) and coarse 8 

(~220 km) horizontal resolutions. These low-pressure systems have a large 9 

horizontal scale (~2000 km) with the well-developed central pressure located on 10 

the transport pathway from East Asia to the Arctic through Siberia. The events 11 

analysis of the most developed low-pressure system in recent years indicated 12 

that the high-BC area in the Bering Sea observed by the Japanese Research 13 

Vessel Mirai in September 26–27th, 2016 moved to the Arctic with a filamental 14 

structure from the low’s center to the behind of the cold front and ahead of the 15 

warm front in relation to its ascending motion on September 27–28th, 2016. The 16 

composite analysis for the developed low-pressure events in September from 17 

2015–2018 indicated that the high-BC area was located eastwards of the low’s 18 

center in relation to the ascending motion over the low’s center and 19 

northward/eastward area. Since the area of the maximum ascending motion has 20 

a small horizontal scale, this was not well simulated by the 220-km experiment. 21 

The study identified the transport of BC to the Arctic in September is enhanced 22 

by the well-developed low-pressure systems. The results of transport model 23 

indicate that the material transport processes to the Arctic by the well-developed 24 
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low-pressure systems are enhanced in the fine horizontal resolution (~56 km) 1 

models relative to the coarse horizontal resolution (~220 km) models. 2 
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1. Introduction 2 

The emission and transport of black carbon (BC) aerosols are essential factors 3 

influencing our understanding of air pollution, solar radiation, and precipitation 4 

prediction. BC efficiently absorbs solar radiation, influences the heating of the 5 

atmosphere and the melting of sea ice and snow (Myhre et al. 2007), and could 6 

indirectly influence cloud microphysics (Ackerman et al. 2000). In the areas of 7 

low human activity such as the Arctic, even a small inflow of BC aerosols can 8 

directly and indirectly influence solar radiation, clouds, and precipitation (Quinn 9 

et al. 2008; Sand et al. 2016), making it important to better understand BC 10 

transport to the Arctic. BC is emitted into the atmosphere by anthropogenic and 11 

biomass burning sources, which is thought to be transported to the Arctic in winter, 12 

spring, and autumn from anthropogenic sources and in summer from biomass 13 

burning sources (Stohl et al. 2006; Matsui et al. 2011; Ikeda et al. 2017). They 14 

revealed that primary BC sources transported to the Arctic are anthropogenic 15 

emissions in Asia, Europe, Russia and North America and biomass burning 16 

emissions in Siberia, Alaska, and Canada. 17 

The current models have a large variability in the radiative forcing of the BC due 18 

to diversity in the simulated vertical profile of BC mass, especially above 5 km 19 

(Samset et al. 2013). Di Pierro et al. (2011) indicated that the pollution plumes 20 

detected in the middle troposphere by the Cloud-Aerosol Lidar with Orthogonal 21 

Polarization (CALIOP) lidar onboard the Cloud-Aerosol Lidar and Infrared 22 

Pathfinder Satellite Observations (CALIPSO) were transported from East Asia to 23 

the Arctic through eastern Siberia. The vertical profile from the surface to 7 km of 24 
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aircraft (WP-3D) observations operated by the National Oceanic and Atmospheric 1 

Administration (NOAA) also indicated that the BC mass mixing ratios peaked at 2 

around 5 km in the middle troposphere (Spackman et al. 2010). The Goddard 3 

Earth Observing System (GEOS)-Chem simulation by Ikeda et al. (2017) also 4 

indicated that the BC emitted from East Asia was transported to the Arctic mainly 5 

over the Sea of Okhotsk and eastern Siberia in the middle troposphere. They also 6 

indicated a strong input of East Asia BC to the Arctic went through the “window 7 

area” over 130–180° E and 3–8 km, crossing the latitude of 66° N. The findings 8 

of the study show that since the same isentropic layer in higher latitudes is located 9 

in higher altitudes than in midlatitudes, the anthropogenic BC emitted from East 10 

Asia is transported to the Arctic at relatively high altitudes and that BC in higher 11 

altitudes is transported to lower altitudes via vertical mixing in the Arctic (Ikeda et 12 

al. 2017). The global lifetime of BC is about a week (IPCC, 2013; Lee et al. 2013), 13 

while the BC lifetime in the Arctic is about 20 days (Mahmood et al. 2016) and 14 

that for BC originating in East Asia is about 60 days, due to it being distributed in 15 

the middle troposphere (Ikeda et al. 2017). 16 

Although storm activities peak over the midlatitude oceans in winter (e.g. 17 

Blackmon et al. 1977), there is a relative maximum in storm frequencies during 18 

summer over northern Eurasia at 60–70° N, especially around Siberia, due to the 19 

summer baroclinic zone along the coastline of the Arctic Ocean (Serreze et al. 20 

2001). The pattern of the storm activities in September is similar to that in the 21 

summer. Hence, the well-developed low-pressure systems are likely located in 22 

the aforementioned “window area” in September. This implies that the storm 23 

determines the BC transport from East Asia/Siberia to the Arctic in September 24 
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and should be well reproduced by models to properly estimate the BC impacts 1 

on the Arctic climate – therefore a dedicated study evaluating the modeling 2 

capability regarding transport associated with such a low-pressure system in this 3 

geographical region is required. 4 

For evaluating the capability of simulating the transport process around the low-5 

pressure systems, we used the Nonhydrostatic Icosahedral Atmospheric Model 6 

(NICAM)- Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS). 7 

The horizontal resolution of ~200 km is commonly used in long-term climate 8 

simulations with a global aerosol transport (e.g. Myhre et al. 2013). We used a 9 

fine horizontal resolution of 56 km, which is the finest level among state-of-the-10 

art models for long-term climate simulations with aerosol components. It is 11 

capable of simulating fine-scale transport processes such as the accumulation of 12 

mass behind cold fronts (Ishijima et al. 2018), and the wet deposition process 13 

around low-pressure systems (Sato et al. 2016). The frontal structure around the 14 

low-pressure system in a coarse-resolution model (~220 km) is not well-resolved 15 

(Ishijima et al. 2018). It implies that the transport process around a low-pressure 16 

system such as the upward motion around the warm front is also not sufficiently 17 

resolved/reproduced in the coarse-resolution model. The upward motion has a 18 

small horizontal scale variability, whereas a large scale of south-to-north 19 

movement in front of the low-pressure system is required to represent the whole 20 

transport of BC from the midlatitude into the Arctic. In other words, sufficient 21 

representation of transport associated with such a low-pressure system in the 22 

models requires a large horizontal domain (~2000 km) as well as a fine grid to 23 

resolve the structure in the upward motion and the well-developed central 24 
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pressure. We used the recent fine-horizontal resolution (56 km) of NICAM-1 

SPRINTARS comparing with the coarse-horizontal resolution (220 km) for 2 

evaluating the resolution dependency of the vertical transport of BC around the 3 

low-pressure system as well as the wet deposition and accumulation of BC 4 

behind cold fronts. 5 

The novelty of this study is to investigate the resolution dependency of the BC 6 

transport from Siberia to the Arctic in relation to the well-developed low-pressure 7 

systems in September. 8 

The remainder of the paper is structured as follows. Section 2 presents Data and 9 

Methods, including the description of the model. Section 3 discusses the 10 

validation of the model experiments, and Section 4 presents BC transport by the 11 

low-pressure system. Conclusions are presented in Section 5. 12 

 13 

2. Data and methods 14 

2.1 Observations 15 

For evaluating the capability of simulating BC aerosols in the global aerosol 16 

transport model, we used the BC mass concentration data at a ship-based and 17 

ground-based observation during September 2016 when significant aerosol 18 

emissions originated as a result of a major forest fire near Lake Baikal, Russia.  19 

For the ship-based observation data, the surface BC were observed on 20 

Research Vessel (R/V) Mirai of the Japan Agency for Marine-Earth Science and 21 

Technology, from 22nd August 2016 to 6th October 2016, by around trip from ports 22 

of Hachinohe (40.55°N, 141.53°E), Japan to Arctic Ocean through the 23 
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Northwestern Pacific and Bering Strait as an Arctic Ocean research cruise 1 

(MR16-06) (Taketani et al. in prep.). The BC concentration was measured by the 2 

single-particle soot photometer (SP2; Droplet Measurement Technologies, Inc., 3 

USA) (Taketani et al. 2016; Miyakawa et al. 2016, 2020). The observed particle 4 

size range was 80–500 nm (mass equivalent diameter). The BC concertation we 5 

used in this study were estimated by same protocol to Taketani et al. (2016). 6 

The surface BC concentration was continuously observed by the multi-angle 7 

absorption photometers (MAAP; model 5012, Thermo Scientitic, Inc., USA) on 8 

Fukue Island (red diamond in Fig. 2, 32.75°N, 128.68°E; 75 m a.s.l.), western 9 

Japan (Kanaya et al. 2013, 2016; Miyakawa et al. 2019). This observation site is 10 

located on the downstream of important source regions in East Asia, with no 11 

significant emission sources around the observation site. 12 

For evaluating the precipitation of the model, we used the daily Global 13 

Precipitation Climatology Project (GPCP), v.1.3 (Huffman et al. 2001; Adler et al. 14 

2017), which can be accessed via the National Centers for Environmental 15 

Information website (https://www.ncei.noaa.gov). The vertical flow of the model 16 

was evaluated with the Japanese 55-year Reanalysis (JRA-55) project conducted 17 

by the Japan Meteorological Agency (JMA) (Kobayashi et al. 2015), and the data 18 

set can be accessed via the JMA website (http://jra.kishou.go.jp/). 19 

2.2 Model 20 

2.2.1 General description 21 

The NICAM (Tomita and Satoh 2004; Satoh et al. 2008, 2014) combined with 22 

the SPRINTARS (Takemura et al. 2000, 2002, 2009; Goto et al. 2011) was 23 

developed to calculate global aerosol transport and its influences on radiation 24 
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and precipitation (Suzuki et al. 2008; Goto et al. 2015). The NICAM-SPRINTARS 1 

simulates the mass concentration of primary tropospheric aerosols such as 2 

carbonaceous aerosols (BC and organic carbon (OC)), sulfates, sea salt, and 3 

dust, along with their emissions, transport, and dry/wet-deposition processes. If 4 

there are cloud particles in model grid area, a part of the aerosol particles is 5 

assumed to be in the cloud particles and the rest is assumed to be in the 6 

surrounding atmosphere. The ratio of in-cloud and interstitial aerosols are fixed 7 

in model (Takemura et al. 2000). In the wet-deposition process of this model, 8 

aerosols in-cloud particles are assumed to be removed by precipitation (“rain-9 

out”), and the interstitial particles are assumed to be removed by collision with 10 

precipitation particles (“wash-out”). The rain-out is calculated with cloud to rain 11 

conversion rate and cloud fraction, and the wash-out is calculated with 12 

precipitation flux. In this model, sulfate aerosols were formed from their precursor, 13 

sulfur dioxide (SO2). For the BC, three independent variables were introduced, 14 

namely: BC from biomass burning as a result of forest fires, the hydrophilic BC 15 

from anthropogenic emission, and the hydrophobic BC from anthropogenic 16 

emission. The BC originating from forest fires was assumed to be hydrophilic. 17 

Half of anthropogenic BC was assumed to be hydrophobic in its emission stage, 18 

and there was no conversion process from hydrophobic to hydrophilic. The 19 

setting for ratio of hydrophobic to hydrophilic may change the amount of BC inflow 20 

to the Arctic. However, those assumptions could not change the conclusion that 21 

the BC transport to the Arctic by the well-developed low-pressure systems is 22 

enhanced in the fine horizontal resolution (~56 km) models relative to the coarse 23 

horizontal resolution (~220 km) model. Note that we used a 0.1° × 0.1° longitude-24 
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latitude original resolution of the anthropogenic emission sources in 2010 from 1 

EDGAR (Emission Database for Global Atmospheric Research)- HTAP 2 

(Hemispheric Transport of Air Pollution)_v2.2 emission inventory (Janssens-3 

Maenhout et al. 2015). 4 

Veira et al. (2015) reported that the implementation of a specific plume height 5 

parameter slightly reduces the model bias around an aerosol emission area. Thus, 6 

we improved the plume height parametrization of NICAM-SPRINTARS by 7 

replacing the original model’s globally uniform injection height (~3 km) with an 8 

estimated injection height for the forest fire’s pyro-convection. The emission flux 9 

was uniformly partitioning with its mixing ratio into the levels from the surface to 10 

the injection height for both the original and improved versions of the model. To 11 

simulate the high temporal variation of emissions at daily time scales, we used 12 

the daily dataset of the Copernicus Atmosphere Monitoring Service (CAMS) 13 

Global Fire Assimilation System (GFAS) provided by the European Centre for 14 

Medium-Range Weather Forecasts (ECMWF) for wildfire-related fluxes of BC, 15 

OC, and SO2, along with the mean altitude of maximal injection as estimated from 16 

the NASA Terra MODIS and Aqua MODIS satellite observations. The original 17 

resolution of the GFAS is a grid of 0.1° × 0.1° longitude-latitude. When comparing 18 

the 56- and 220-km simulations, the emission flux and mean altitude of maximal 19 

injection of the 220-km resolution were converted to the 56-km resolution to 20 

ensure the same emission and injection height for the both resolutions. 21 

2.2.2. Experimental setup 22 

The NICAM-SPRINTARS used in this study had 78 vertical layers from the 23 

surface to ~50 km altitude. The vertical thickness at the planetary boundary layer 24 
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was about 100–200 m, reaching about 400 m for 3.5–18 km. To analyze the 1 

horizontal sensitivity, we performed simulations using 56- and 220-km horizontal 2 

resolutions. Both 56-km and 220-km resolutions use the same cumulous 3 

parameterizations and parameters (Chikira-scheme; Chikira and Sugiyama 4 

2010) of NICAM. 5 

First, a 10-year spin-up run with the 220-km model was performed to stabilize 6 

the soil moisture of the surface model MATSIRO (Minimal Advanced Treatments 7 

of Surface Interaction and RunOff), described in Takata et al. (2003). Next, 8 

hindcast simulations with both resolutions were performed, since the model’s 9 

meteorological fields needed to be similar to those of the real atmosphere for the 10 

aerosol transport simulations. For the hindcast simulations, the meteorological 11 

fields were nudged toward those recorded in the dataset of the National Centers 12 

for Environmental Prediction (NCEP)-Final (FNL) operational reanalysis, using 13 

the six-hour interval data of zonal and meridional winds along with the 14 

temperature and the all vertical levels of NCEP-FNL data was converted to the 15 

model levels. The NCEP-FNL has a 1° × 1° longitude-latitude resolution. The 16 

model’s sea surface temperature (SST) was prescribed by weekly interval data 17 

from the Optimum Interpolation Sea Surface Temperature (OISST) V2. 18 

In order to evaluate the capability of simulation of the BC peak event around 19 

the developed low-pressure system on September 25th–26th, 2016, we performed 20 

various sensitivity experiments starting from July 1, 2016 (Table 1). One control 21 

experiment included the presence of anthropogenic emissions along with the 22 

global fire activity (Ant+Fire), another experiment included only the former (Ant), 23 

and the third experiment evaluated the effect of the emissions from the Siberian 24 
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forest fire in conjunction with anthropogenic emissions (Ant+FireSb). The fourth 1 

experiment assessed the effect of wet deposition of BC by precipitation by 2 

excluding the wet deposition process (Ant+FireSb_NOWDEP). 3 

For evaluating the general transport process around the developed low-4 

pressure systems in September, we performed long-term hindcast simulations of 5 

both 56 and 220-km horizontal resolutions. Owing to the limitation of 6 

computational resources, only the control experiment (Ant+Fire) was performed 7 

from January 1, 2015 to December 31, 2018. 8 

3. Validation of the model experiments 9 

Dai et al. (2014) validated the seasonal evolution of the 550-nm aerosol optical 10 

thickness, the 440- and 870-nm Ångström Exponent, and the 550-nm single 11 

scattering albedo of NICAM-SPRINTARS, compared with the observational 12 

products from the MODIS (Moderate Resolution Imaging Spectroradiometer) and 13 

the AERONET (Aerosol Robotic Network). Whereas Goto (2014) and Goto et al. 14 

(2015) validates surface concentrations of the simulated BC by NICAM-15 

SPRINTARS in Asia, in this study we validated the surface concentration, 16 

transport process, and wet deposition process of the BC in this model. 17 

3.1 BC concentrations at ship-based and ground-based observation 18 

The BC concentrations along R/V Mirai’s track were identified a peak event 19 

on September 25th–26th, 2016, which was suggested forest fire influence 20 

(Taketani et al. in prep.). At the same time, the most developed low-pressure 21 

system as the minimum sea level pressure (SLP) in recent years, which reached 22 

the polar region (>60° N) through the “window area”, was observed around R/V 23 
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Mirai’s track. This low-pressure system that was observed above the Sea of 1 

Okhotsk at 12:00 UTC on September 25th, 2016 (Fig. 1a), moved to the polar 2 

region at 12:00 UTC on September 26th, 2016 (Fig. 1b). The vessel was located 3 

ahead of the warm front at 12:00 UTC on September 26th and observed 4 

southwesterly winds (Fig. 1b) of the low-pressure system, implying the movement 5 

of the BC rich air to the Arctic. In this study, this event was used to evaluate the 6 

capability of a global aerosol transport model in simulating the long-range 7 

(several thousand miles) transports to the Arctic, in terms of transport pathways, 8 

deposition processes, and resolution dependency (56 vs. 220 km). 9 

The surface BC concentration along R/V Mirai’s track showed a maximum of 10 

~290 ng m−3 on September 26th and a mean of ~110 ng m−3 on September 25th–11 

26th, in the Bering Sea with continuously enhanced for those two days (Fig. 2b 12 

and Table 2). The BC concentration for Ant+Fire_56 showed one peak event on 13 

September 25th and two on September 26th; the first peak on the 26th (~270 ng m14 

−3) was similar to that observed in terms of timing and maximum concentration, 15 

while other peaks were overestimated. In contrast, Ant+Fire_220 showed low 16 

concentration peaks (~150 ng m−3 on the 25th and ~120 ng m−3 on the 26th) relative 17 

to the Ant+Fire_56 with slow temporal changes on those two days. Although 18 

continuous enhancement during 25th and 26th was not simulated in model, the 19 

mean concentrations were reproduced by both Ant+Fire_56 (~90 ng m−3) and 20 

Ant+Fire_220 (~80 ng m−3). The relative importance of anthropogenic and fire 21 

sources was examined based on the Ant, Ant+Fire, and Ant+FireSb experiments. 22 

Without considering any fire emissions (Ant), the maximum/mean of the BC 23 
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concentration on September 25th–26th was much smaller than the observed 1 

concentrations, indicating a minor contribution from anthropogenic BC. In 2 

comparison, both Ant+FireSb and Ant+Fire agreed with the observed 3 

maximum/mean BC on September 25th–26th, suggesting that these BC 4 

concentrations mainly originated from the Siberian forest fire. 5 

Figure 2c shows the daily time series of the surface BC concentration at the 6 

observation site of Fukue Island in September 2016. Although the model 7 

experiments underestimated a peak at 25th, a peak is well reproduced around 8 

10th and lower values are reproduced around 15th. The relative importance of the 9 

anthropogenic source was significant for this site, and the time-evolution in 220-10 

km resolution is vague than 56-km resolution. 11 

3.2 Transport process of the Siberian forest fire BC to the Bering Sea 12 

For evaluating the improved plume height parametrization for wildfire-related 13 

fluxes, we focused on the large emission event that occurred as a result of a 14 

major forest fire near Lake Baikal in September 2016 (Fig.3). Figure 4 shows the 15 

daily mean values of column BC densities from fire emissions, which were 16 

estimated by the subtracting the Ant+FireSb_56 outputs from the Ant_56 outputs. 17 

The Ant+FireSb calculates the BC emissions from the Siberian forest fire over the 18 

region within 90–140° E and 50–70° N (green rectangle in Figs. 3 and 4), thus, 19 

the Siberian fire impact could be derived from the model outputs. This high-BC 20 

area originated near the Lake Baikal in Siberia around September 21st–22nd, 2016, 21 

and was transported to the Bering Sea via Yakutsk on the 23rd (orange rectangle), 22 

the Kamchatka Peninsula on the 24th (cyan rectangle), and the Bering Sea on the 23 

25th–26th (blue rectangle). It is noteworthy that precipitation in the low-pressure 24 
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system within/around the high-BC area occurred near Yakutsk on the 23rd, the 1 

Kamchatka Peninsula on the 24th, and the Bering Sea on the 25th. 2 

In order to trace the daily movements of the air parcel with a high BC 3 

concentration from the fire emissions, we calculated the area-mean column BC 4 

densities from 50–70° N for four longitudinally-binned areas with a width of 50° 5 

(Fig. 5a) from region 1 (Siberia) on the 21th–22nd, to region 2 (Yakutsk) on the 6 

23rd, region 3 (the Kamchatka Peninsula) on the 24th, and finally to region 4 7 

(Bering Sea) on the 25th–26th. This procedure would estimate the apparent BC 8 

flow across the boundary of each region in case of a discrepancy between the 9 

movement of the averaged region and the actual movement of the BC. Figure 5b 10 

shows the time series for the column BC. Near Lake Baikal on September 22, the 11 

column BC was about 650 μg m−2 for Ant+FireSb (Table 3). This decreased 12 

exponentially to about 60 μg m−2 in the Bering Sea, on the 26th. The cumulative 13 

precipitation was calculated by the accumulation of the area-mean daily 14 

precipitation over the same area in the column BC. The cumulative precipitation 15 

(starting from the 21st) increased from the 22nd–25th, reaching ~10.4 mm for 16 

Ant+FireSb_56 and ~9.0 mm for Ant+FireSb_220, respectively, in agreement with 17 

the timing of the decline in column BC. Without the wet deposition of BC 18 

(Ant+FireSb_NOWDEP), there was no exponential decline in column BC, 19 

suggesting that the wet deposition of BC mainly caused the rapid decline of 20 

column BC during the transport from Siberia to the Bering Sea. 21 

Kanaya et al. (2016) estimated that the accumulated precipitation along 22 

trajectory (APT) is about 15 mm to reach half value of BC transport efficiency 23 

(TE) using the observed concentrations of BC and CO at Fukue. The 24 
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concentrations of CO were not simulated in this model, then the BC results of 1 

Ant+FireSb_NOWDEP (BCNOWDEP) are assumed to be the nonchangeable tracer 2 

by wetdeposition as 3 

("#!")# = (&'/&'$%&'())#/(&'/&'$%&'())*+,-./#. 4 

The APT values about 6 mm and 4 mm are needed to reach half value of BC 5 

TE for 56 km and 220 km resolutions, respectively. Although the method of 6 

estimation and the target area are different from those in Kanaya et al. (2016), 7 

estimated values of model’s TE might be more sensitive to the precipitation than 8 

observation. In addition, Kanaya et al. (2016) used the surface BC to estimate 9 

the TE, while our study used the column BC. 10 

The global BC lifetime estimated by column BC and wet deposition flux in 11 

September is 6.4 days for Ant+FireSb_56 and 7.2 days for Ant+FireSb_220, in 12 

agreement with global BC lifetime about a week by IPCC (2013), indicating the 13 

removal processes of BC realistically in this model. 14 

3.3 Precipitation of the model 15 

For evaluating the spatial distribution of the precipitation and estimating the wet 16 

deposition, we calculated the cumulative precipitation and wet deposition flux 17 

from September 21st–23rd (Fig. 6), when the high-BC area was located within 18 

regions 1 and 2 (90–160° E, 50–70° N; gray rectangle in Fig. 6). Patchy peak 19 

areas of precipitation were seen around Siberia (red circles) based on the data 20 

from the daily GPCP. Similar patchy peak areas of precipitation were reproduced 21 

by the Ant+FireSb_56, indicating similar patterns of wet deposition flux from 22 

northeast of the Lake Baikal to Kamchatka. In contrast, a single large peak area 23 

of wet deposition flux was present for the Ant+FireSb_220 due to the larger 24 
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precipitation area when using a coarse resolution model. Although the cumulative 1 

precipitation in Ant+FireSb_220 was smaller than that in Ant+FireSb_56 (Fig. 5), 2 

this larger precipitation area in Ant+FireSb_220 can widely enhance the decline 3 

in BC, indicating the similar decline rates between the Ant+FireSb_56 and 4 

Ant+FireSb_220. Note that similar results were derived from the Ant+Fire_56 and 5 

Ant+Fire_220 (not shown). These results are comparable with the mean 6 

concentrations observed in the Bering Sea (Table 2). 7 

 8 

4. BC transport by low-pressure systems 9 

4.1. Developed low event in late September 2016 10 

4.1.1. High-BC area linked to the weather on September 25th–26th, 2016 11 

Fig. 7a shows the surface BC concentrations of Ant+FireSb_56 at 12:00 UTC 12 

on September 25th and 12:00 UTC on September 26th, together with the SLP. 13 

Compared with the surface weather chart presented in Fig. 1, the Ant+FireSb_56 14 

well reproduced the location and central pressure of the low-pressure system in 15 

the Sea of Okhotsk at 12:00 UTC on September 25th, 2016 and the polar region 16 

around the Kamchatka Peninsula at 12:00 on September 26th, 2016. This low-17 

pressure system was accompanied by a cold and a warm front (Fig. 1). The 18 

filamental structure of the high-BC area is visible from the low’s center to behind 19 

the cold front and ahead of the warm front, elongating to another low-pressure 20 

system in the Bering Sea. Although the low-pressure system in the Bering Sea 21 

had no associated frontal system in the surface weather chart, the high-BC area 22 

was continually shown between the two low-pressure systems, suggesting that 23 

the frontal structure was located between these two low-pressure systems. 24 
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The low-pressure systems in the Bering Sea and the Sea of Okhotsk were 1 

relatively weak, with the widespread low center in Ant+Fire_220 (Fig. 7b). 2 

Moreover, the high-BC area between the two low-pressure systems was relatively 3 

widespread and lower in magnitude as the frontal structure was not well simulated 4 

in the 220-km resolution. The passage of the high-BC area ahead the warm front 5 

of a low-pressure system in the Bering Sea occurred before 12:00 UTC on 6 

September 26th. The surface BC concentration along R/V Mirai’s track along R/V 7 

Mirai’s track showed an increase in magnitude ~100 ng m−3 during several hours 8 

before the peak event and a decrease in magnitude to ~10 ng m−3 during several 9 

hours after the peak (Fig. 2b). Although continuous enhancement during 25th and 10 

26th was not simulated in model for the both 56-km and 220-km resolutions, the 11 

sharp increase/decrease of the BC concentration was reproduced around the 12 

peak in 56-km resolution only. The difference in the BC concentration at the 13 

frontal structure between the 56-km and 220-km simulations was consistent with 14 

that derived from the radon-222 variability being larger amount in 14–56-km than 15 

~220-km (Ishijima et al. 2018). 16 

4.1.2. BC transport to the Arctic, September 27–28th, 2016 17 

For evaluating the transport of BC to the Arctic related to the developed low-18 

pressure system following the event described in Section 4.1.1, we analyzed the 19 

temporal variation of BC concentration for the Ant+FireSb_56 experiment (Fig. 20 

8a). The low-pressure system in the Sea of Okhotsk at 12:00 UTC on the 21 

September 25th (Fig. 7a) moved to the Arctic at 00:00 UTC on September 27th, 22 

with its central pressure at about 980 hPa around 160° E, 70° N. This remained 23 

almost constant, with a large horizontal scale (i.e., the length of SLP < 1000 hPa 24 
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range larger than ~2000 km), until 12:00 UTC on the 28th (Fig. 8a). The elliptic 1 

axis of closed contours around the center of the low-pressure system was in the 2 

north-south direction at 00:00 UTC on September 27th (blue dotted line) and 3 

rotated counterclockwise towards the northwest-southeast direction at 12:00 4 

UTC on September 27th, the west-east direction at 00:00 UTC on September 28th, 5 

and the southwest-northeast direction at 12:00 UTC on September 28th. These 6 

axes were accompanied by the filamental structure of the high-BC area, which 7 

was transported to the Arctic with the counterclockwise rotation of the axis. Note 8 

that there were two filamental structures of the high-BC area along the 170° E 9 

and 180° E meridians at 00:00 UTC on September 27th, which merged into a 10 

single filamental structure at 12:00 UTC on September 28th, due to the change of 11 

frontal systems. A similar filamental structure of the high-BC area was simulated 12 

at the height levels from 850 hPa to 500 hPa (Figs. 8b–8d), and the BC 13 

concentration decreased with an increase in the height level. Even for the 400-14 

hPa level, the filamental structure showed a small magnitude (Fig. 8e), elongated 15 

from the center of the low-pressure system to the mid-latitude, especially along 16 

the warm front in the Bering and Chukchi Seas on September 27th, and Alaska 17 

on September 28th. These results suggest that BC transport into the Arctic is 18 

related to the upward and south-to-north movement in front of the well-developed 19 

low-pressure system with a large horizontal scale. 20 

For the Ant+FireSb_220 experiment, the axis of the low-pressure system was 21 

not clear, and the high-BC area was widespread, with a relatively smaller amount 22 

of maximum concentration (Fig. 9a). In addition, there was no significant high-BC 23 

area (> 5 ng m−3) north of 75° N from the surface to 500 hPa, and north of 65° N 24 
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for 400 hPa (Figs. 9b–9e). Moreover, high-BC area along with the frontal structure 1 

was not clear above 700 hPa, suggesting a weak BC transport around the low-2 

pressure system and the front line. 3 

Figure 10 shows the vertical p-velocity at 700 hPa, which is usually used as a 4 

diagnostic of the vertical motion around the low-pressure system and the front 5 

line. The upward motion on September 27th based on the JRA-55 dataset is 6 

significant, with its minimum at about −300 hPa d−1 in the Arctic at 160° E, 70–7 

75° N over the surface low-pressure system, accompanied by the upward motion 8 

area from the Arctic to the Bering Sea around 180° E meridian (Fig. 10a). The 9 

results of Ant+FireSb_56 indicate a similar pattern, with a comparable magnitude 10 

(Fig. 10c). This upward motion area is corresponding to the high-BC area from 11 

the surface to the 400-hPa level, along with the frontal structure (Fig. 8), indicating 12 

a significant contribution from the vertical transport of the BC by the ascending 13 

motion around the low-pressure system involved in the south to north transport. 14 

This ascending motion area is moved to Alaska from around 180° E to around 15 

160° W meridian on September 28th (Fig. 10b, 10d), corresponding to the 16 

movement of the frontal structure around the low-pressure system. In contrast, 17 

the magnitude of the ascending motion for the Ant+FireSb_220 is small (minimum 18 

about −100 hPa d−1) (Figs. 10e, 10f), corresponding to the small concentration of 19 

BC in upper altitudes due to the weak transport. The resolution difference in the 20 

vertical velocity is related to the intensity difference in strength in convergence in 21 

the lower troposphere. Thus, the difference in vertical velocity between the 22 

resolutions of 56-km and 220-km is assumed to be due to the difference in 23 

dynamics solved in each resolution. 24 
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These results suggest that the developed low-pressure system with a large 1 

horizontal scale is related to the vertical movement of the BC to the middle and 2 

upper troposphere, and the coarse horizontal resolution (~220 km) model is not 3 

enough to resolve such vertical movement around the surface low-center and the 4 

front line. 5 

4.2 Composite of the developed low events 6 

4.2.1. Analytical method 7 

In order to evaluate the generality of the resolution dependency derived from 8 

the low-pressure system event in late September 2016, we analyzed the transport 9 

process for a similar type of low-pressure system event that occurred in 10 

September during 2015–2018. Such a low-pressure system requires a large 11 

horizontal scale (~2000 km) with a well-developed central pressure located in the 12 

“window area” from East Asia/Siberia to the Arctic, that is, it requires the following 13 

conditions: (1) a closed cyclone condition: surrounding eight grid points have a 14 

higher value in the daily mean SLP over the area within 120–180° E and 50–75° 15 

N; (2) a large horizontal scale: the zonal/meridional slope within 10° from a central 16 

point is blunter relative to the slope at 10°; and (3) the smallest SLP point within 17 

20° is defined as the representative point of the low-pressure system. To avoid 18 

false detection around the edge of the area, the detection was performed for the 19 

area within 110–190° E and 45–80° N. To avoid false detection of the weak low-20 

pressure system, a central pressure >1000 hPa was discarded. We detected 101 21 

events of the well-developed large low-pressure system from the Ant+Fire_56 22 

that took place in September from 2015 to 2018. Since the locations of the low 23 

center were different for these events, the composite mean was calculated for the 24 
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longitude–latitude grids centered on each low center of the 101 low-pressure 1 

systems. The same 101 low-pressure systems were used for the composite 2 

analysis of Ant+Fire_220 to ensure that the same locations of low-pressure 3 

systems were used for the transport analysis for both the 56-km and 220-km 4 

resolutions. Note that 73 events were detected from the Ant+Fire_220 using the 5 

same definition to the Ant+Fire_56, and the main conclusions of this study do not 6 

change when the 73 events are used for analysis instead of the 101 events. 7 

4.2.2. Results of the composite analysis 8 

Figure 11 shows the composite of the BC concentrations for the longitude range 9 

of ±60 ° and the latitude range of ±30 ° from the low center. There is a clear 10 

difference in the surface BC concentrations between the eastward and westward 11 

directions from the low center, and the former being twice as large as the latter 12 

(Figs. 11a, 11f). The high concentration eastwards of the low center is extended 13 

southwards, implying the south-to-north movement in front of the well-developed 14 

low-pressure system as discussed in Section 4.1.2. A similar structure of the 15 

eastward and westward difference is shown from the surface to the 400-hPa level. 16 

Above 700-hPa levels, the BC concentration of the Ant+Fire_56 is larger in 17 

magnitude eastwards of the low’s center than that of the Ant+Fire_220. The 18 

concentration at (x, y) = (10°, 0°) for Ant+Fire_56 and Ant+Fire_220 is >20 ng m19 

−3 and >10 ng m−3 at 700 hPa, >7 ng m−3 and ~5 ng m−3 at 500 hPa, and >5 ng m20 

−3 and >3 ng m−3 at 400 hPa, respectively (Fig. 12). It is noteworthy that the high-21 

BC area above the 500-hPa levels is extended to the north of the low center for 22 

Ant+Fire_56 (Fig. 11), increasing the efficiency of BC transport to the northern 23 
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area. Table 4 indicates the longitudinal mean poleward BC flux at 66°N for the 1 

150°E–160°W (same longitude range to region 4) for the vertical levels at 850, 2 

775, 700, 600, 500, and 400 hPa of Ant+Fire_56 and Ant+Fire_220, composited 3 

for the days of 101 low-pressure systems. The magnitude of the poleward BC flux 4 

for the developed low events is about twice as large as that for the September 5 

mean. This implies that the BC transport to Arctic is possibly enhanced by the 6 

developed low events, although the September mean flux includes the flux for the 7 

developed low events. The magnitude of the poleward BC flux of Ant+Fire_56 is 8 

larger than that of Ant+Fire_220, indicating the enhancement of the transport in 9 

56-km simulations. Note that the BC concentration around the low-pressure 10 

system is mainly from anthropogenic sources (Fig. 14). 11 

The analysis of HIPPO data by Wang et al. (2014) indicated ~1–10 ng m−3 STP 12 

in the Arctic middle troposphere and Schwarz et al. (2017) also indicated the 13 

order of ~1–10 ng m−3 STP. The September mean BC concentration in Arctic (>7014 

ºN) middle troposphere (4000–6000 m) around the 180ºE is about <4 ng m−3 STP 15 

for HIPPO data, about <10 ng m−3 STP for Ant+FireSb_56, and about <8 ng m−3 16 

STP for Ant+FireSb_220 (for September 2016), in agreement with their results. 17 

Note that the model bias of the fine resolution (56 km) is larger than the coarse 18 

resolution (220 km). The BC concentration associated with the low-pressure 19 

system is enhanced in 56-km simulations relative to the 220-km simulations (Fig. 20 

12). The implication of the resolution dependency is that the transport of BC to 21 

the Arctic is enhanced by the reproduction of detailed transport process in higher 22 

resolution. 23 
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Figure 13 shows the vertical p-velocity at 700 hPa, which indicates the ascending 1 

motion over the low center and northward/eastward area. There is a clear 2 

difference in magnitude of the ascending motion between the Ant+Fire_56 and 3 

Ant+Fire_220, and the absolute value in magnitude of the Ant+Fire_56 is >3 times 4 

as large as that in the Ant+Fire_220. These results are consistent with the event 5 

analysis described in Section 4.1.2, indicating the generality of the relationship 6 

between the ascending motion and the BC concentration in upper levels due to 7 

the transport difference between the coarse- (~220 km) and fine- (~56 km) 8 

resolution models. 9 

5. Conclusions 10 

The resolution dependency of the transport process of BC from Siberia to the 11 

Arctic (from the Siberian forest fire and anthropogenic emissions) related to the 12 

developed low-pressure system in September was simulated by the fine- 13 

horizontal (56 km) and coarse-horizontal (220 km) resolution models of NICAM-14 

SPRINTARS. Each model reproduced the mean surface BC concentration along 15 

R/V Mirai’s track for a high-BC event on September 25th –26th, 2016 in the Bering 16 

Sea, which originated from the Siberian forest fire. These models also reproduced 17 

the mean surface BC concentration at the observation site of Fukue Island in 18 

September 2016, which was located downstream of the significant source region 19 

in East Asia. 20 

The simulations with the Siberian forest fire emissions showed that the column 21 

BC amount around Siberia rapidly declined en route from Siberia to the Bering 22 

Sea, reaching a comparable mean concentration in the Bering Sea between the 23 

two horizontal resolutions. 24 
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The high-BC event in the Bering Sea observed by R/V Mirai occurred 1 

simultaneously with the most developed low-pressure system in recent years, 2 

which reached the polar region (>60° N) through a “window area”. When 3 

investigating the transport process of this low-pressure system, in the 56-km 4 

experiments, the high-BC area in the Bering Sea moved to the Arctic with a 5 

filamental structure from the low’s center to behind the cold front and ahead of 6 

the warm front on September 27th–28th, 2016. This was accompanied by the 7 

ascending and south-to-north movement eastward/northwards of the low’s center. 8 

In contrast, the 220-km experiments produced a widespread high-BC area with a 9 

relatively lower maximum concentration, especially in the middle to upper 10 

troposphere, associated with the weak ascending motion around the low-11 

pressure system. These results suggest that the 56-km resolution was required 12 

to reproduce the inflow of BC to the Arctic due to the high-resolution transport 13 

process of the developed low-pressure system around the “window area”. 14 

The composite analysis for the developed low-pressure events in September 15 

from 2015–2018 indicated that the high-BC area was located eastwards of the 16 

low’s center, with the ascending motion over the low’s center and 17 

northwards/eastwards of the center. The magnitude of the poleward BC flux for 18 

the developed low events is about twice as large as that for the September mean. 19 

In contrast, the 220-km experiments produced a small magnitude of the high-BC 20 

area in the middle to upper troposphere due to the weak ascending motion, 21 

indicating the small effect of the transport of BC to the Arctic. The results imply 22 

that the BC transport to the Arctic by the well-developed low-pressure systems is 23 

enhanced in the fine horizontal resolution (~56 km) models relative to the coarse 24 
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horizontal resolution (~220 km) models. This finding suggests that the coarse 1 

horizontal resolution is not adequate to examine the BC transport to the Arctic 2 

due to the insufficient resolution of the motions around well-developed low-3 

pressure systems in addition to the insufficient resolution of the wet deposition 4 

process suggested by Sato et al. (2016). This implies that the fine horizontal 5 

resolution (~56 km) will be desirable for the precise treatment of transport 6 

processes in the future chemistry transport models. 7 

 8 
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Fig. 14.  Same as Fig. 12, but for the anthropogenic BC concentrations.

(a) Ant+Fire_56 (b) Ant+Fire_220



Table 1. Experimental settings

IH: injection height, SF: surface, Ant: anthropogenic emission, Fire: GFAS fire emission to global, FireSb: GFAS fire 
emission to Siberia only (90–140ºE, 50–70ºN) 
Experiments; Ant: anthropogenic emission only, Ant+Fire : constant GFAS fire emission from SF to IH, Ant+FireSb: 
Ant + Siberia fire emission, Ant+FireSb_NOWDEP: wetdeposition of carbon is off



Table 2. Surface BC concentration (ng m−3) at R/V Mirai path on September 25th–26th, 2016



Table 3. Column mean of BC (ug m−2) for each region



Table 4. 150°E–160°W mean BC flux at 66°N (kg m−2 s−1)


