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Key Points:  29 

 Black carbon vertical profiles observed in late spring 2016 in South Korea were 30 

consistent with strong regional sources. 31 

 The profiles systematically measured over a single site varied due to meteorologically-32 

driven changes in transport. 33 

 South Korea, China, and Russia were the major source-region contributors to black 34 

carbon column direct radiative effect. 35 
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Abstract  36 

East Asia is the strongest global source region for anthropogenic black carbon (BC), the most 37 

important light-absorbing aerosol contributing to direct radiative climate forcing. To provide 38 

extended observational constraints on regional BC distributions and impacts, in situ 39 

measurements of BC were obtained with a single particle soot photometer during the May/June 40 

2016 KORUS-AQ (Korean-US Air Quality) aircraft campaign in South Korea. Unique chemical 41 

tracer relationships were associated with BC sourced from different regions. The extent and 42 

variability in vertical BC mass burden for 48 profiles over a single site near Seoul was 43 

investigated using back-trajectory and chemical tracer analysis. Meteorologically-driven changes 44 

in transport influenced the relative importance of different source regions, impacting observed 45 

BC loadings at all altitudes. Internal mixing- and size-distributions of BC further demonstrated 46 

dependence on source region: BC attributed to China had a larger mass median diameter (180 47 

±13 nm) than BC attributed to South Korea (152±25 nm), and BC associated with long range 48 

transport was less thickly coated (60±4 nm) than that sourced from South Korea (75±16 nm). 49 

The column BC direct radiative effect at the top of the atmosphere was estimated to be 1.0−0.5
+0.9 50 

W/m
2
, with average values for different meteorological periods varying by a factor of 2 due to 51 

changes in the BC vertical profile. During the campaign, BC sourced from South Korea ( 31%), 52 

China (22%), and Russia (14%) were the most significant single-region contributors to the 53 

column direct radiative effect. 54 

 55 

1 Introduction  56 

East Asia is the strongest anthropogenic source region for black carbon (BC), which is emitted 57 

during incomplete combustion and is the dominant anthropogenic light-absorbing aerosol (Bond 58 

et al., 2013). Although BC has a short atmospheric lifetime of a few days to weeks, it strongly 59 

impacts absorption of solar radiation. The direct climate effect is typically expressed as the total 60 

effect on the top-of-atmosphere radiation balance, and the global BC direct climate effect was 61 

estimated from the AEROCOM (Aerosol Comparisons between Observations and Models) 62 

project to be 0.4 (0.05 to 0.8) W/m
2
 (Myhre et al., 2013). Regional direct climate effects from 63 

BC can be significantly larger near sources and model variability is highest in the strongest 64 

source regions, including East Asia (Myhre et al., 2013). While the temperature impact of 65 

present-day BC is modest globally, it may be significant regionally (Stjern et al. 2017). 66 

Direct radiative effects from BC depend strongly on its vertically-distributed mass loadings, size 67 

distributions, and association with internally mixed materials, all of which vary by source and 68 

region (Bond et al., 2013). Internal mixing, which enhances absorption of solar radiation 69 

(Jacobson 2001; Cappa et al., 2012; Liu et al., 2017), is dependent on both source and co-emitted 70 

species, as well as aging in the atmosphere, as BC becomes increasingly “coated” during 71 

transport from condensation of gas phase species (Moteki et al., 2007; Shiraiwa et al., 2007). The 72 

vertical distribution of BC is also important, as BC’s forcing efficiency increases dramatically 73 

with altitude (Zarzycki & Bond, 2010; Samset & Myhre, 2011). However, the vertical 74 

distribution of aerosols is challenging to predict (Samset et al. 2013; Kipling et al., 2016). Three-75 

dimensional model simulations with resolved particle size and mixing state estimated the 76 

regional BC direct radiative effect in East Asia as 1.6-2.8 W/m
2
 at the top of the atmosphere, for 77 

model runs focusing on the spring of 2009 (Matsui 2016a; 2016b), with most variability arising 78 

from uncertainty in BC size and mixing state. Given the climatic impacts of BC sourced from 79 
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East Asia, additional observational constraints on regional BC vertical profiles and optical 80 

properties are needed.  81 

Previous ground-based and aircraft-based measurements in East Asia have demonstrated that 82 

internal mixing state, and therefore radiative properties of BC, are dependent on source region 83 

and aging timescale since emission. Aircraft measurements of BC, using a Single Particle Soot 84 

Photometer (SP2) on research flights near the coast of Japan in March 2004, showed that 85 

particles in urban plumes sourced from East Asia became increasingly internally mixed over ~12 86 

hours (Moteki et al., 2007). Similarly, a ground-based study located at an urban site north of 87 

Tokyo found that transported, polluted urban air exhibited an increasing number fraction of BC 88 

internally mixed with sulfate and organics, with increasing photochemical age (Shiraiwa et al., 89 

2007). Ground-based measurements on Fukue Island, Japan showed that air sourced from 90 

continental Asia was more internally mixed than air sourced from Japan or the free troposphere 91 

(Shiraiwa et al., 2008). More recent measurements at Noto Peninsula, Japan found significant 92 

light absorption enhancement for BC sourced from China (Ueda et al., 2016). A comparison of 93 

measurements near an industrial site to those at a remote site on Fukue Island indicated 94 

secondary formation of sulfate and organic aerosols led to increases in BC coatings for 95 

transported aerosols (Miyakawa et al., 2017). 96 

The size dependence of BC aerosol has been shown to be related to source, atmospheric lifetime, 97 

and transport efficiency. BC sourced from biomass burning typically has a larger mass median 98 

diameter than BC sourced from urban emissions (Schwarz et al., 2008a). BC transport efficiency 99 

has been shown to be inversely correlated with BC size (Moteki et al., 2012), with larger 100 

particles removed more efficiently. This transport efficiency was shown to be source-region-101 

dependent for air sampled over the East China Sea from different source regions in China during 102 

the A-FORCE 2009 campaign (Oshima et al., 2012). Air masses sampled on Fukue Island in the 103 

spring of 2015 that originated in southern China were also shown to be strongly influenced by 104 

wet removal (Miyakwa et al., 2017). Observed BC size distributions in East Asia during the A-105 

FORCE 2013W campaign demonstrated an altitude dependence, with typically decreasing size 106 

distributions at higher altitudes associated with wet removal (Kondo et al., 2016). This 107 

preferential removal of larger BC particles was linked to nucleation scavenging by comparing 108 

ground-based measurements of BC in air following rain events to BC removed in rainwater in 109 

Tokyo (Ohata et al., 2016b). BC size may impact its mass absorption cross section (MAC), 110 

which links the mass concentration of BC to its optical effects, with the largest MAC values 111 

associated with mass median diameters <150 nm (Adler et al., 2013; Schwarz et al., 2013a; 112 

Moteki et al., 2017). 113 

Asian outflow is known to be a significant source of pollutants to other parts of the world, 114 

including North America (Hadley et al., 2007) and the Arctic (Matsui et al., 2011). Observed BC 115 

concentrations and altitude-dependence in air transported to the Arctic from East Asia during the 116 

spring/summer 2008 ARCTAS campaign were strongly dependent on season and origin of air, 117 

with significant differences between biomass burning aerosols sourced from Russia and 118 

anthropogenic aerosols from East Asia (Matsui et al., 2011). Measurements over the remote 119 

Pacific in 2010-2011 during the HIPPO campaigns indicated that Asian outflow has a strong 120 

seasonal dependence, with highest BC loadings in remote regions associated with Asian outflow 121 

in the spring (Schwarz et al., 2010a; Schwarz et al., 2013b; Shen et al., 2014). This strong 122 

seasonal dependence has been linked to an overestimation of BC loadings in remote regions in 123 
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global models (Wang et al., 2014a). Long-term monitoring (from 2009-2015) of Asian 124 

continental outflow on Fukue Island also found a strong seasonal dependence to transport, with 125 

the highest concentrations in the autumn, winter, and spring (Kanaya et al., 2016). 126 

To assess the impact of BC sourced in East Asia on both direct and indirect climate effects, in 127 

situ measurements of BC loadings, internal mixing state, and size distributions were made over 128 

South Korea during the NASA Korean-United States Air Quality Study (KORUS-AQ) in 129 

May/June of 2016. An SP2 was flown to provide continuous real-time measurements of 130 

refractory black carbon (rBC) on a single particle basis (Petzold et al. 2013), providing both rBC 131 

mass loadings and size distributions, as well as information about the presence and amount of 132 

materials internally mixed with rBC (Schwarz et al., 2008b; Shiraiwa et al., 2008). The SP2 is 133 

well-suited to airborne measurements and has been previously used in the free troposphere (e.g. 134 

Schwarz et al., 2017 and references therein), though vertically resolved measurements in East 135 

Asia are sparse. 136 

Only two previous aircraft campaigns (A-FORCE 2009 and A-FORCE W2013) measuring rBC 137 

included flights near the South Korean peninsula (Oshima et al., 2012; Kondo et al., 2016). 138 

These campaigns took place in the late winter (2013) and early spring (2009), meaning that 139 

South Korea was impacted by different large-scale meteorological patterns during the KORUS-140 

AQ period than during previous measurements. Both local and trans-boundary pollution sources 141 

impact South Korea. South Korea has a high population density, particularly in the Seoul 142 

Metropolitan Area (SMA), which contains almost half (approximately 25.6 million people) of 143 

the country’s population. Local pollution sources include industrial and urban emissions, ocean 144 

and shipping emissions, local biomass burning, and agricultural and biogenic emissions. 145 

Regional sources to South Korea include transport of industrial and agricultural burning 146 

emissions from China, erodible dust from central Asia, and wildfire emissions from Siberia. 147 

During the late spring, South Korea is typically impacted by long range transport from biomass 148 

burning in Siberia and dust transport from central Asia. The early summer period reflects the 149 

transition from westerly springtime Asian continental outflow to the Pacific (Clarke et al., 2004) 150 

to the late summer Asian monsoon season.  151 

Here we focus on the vertically and spatially resolved BC observations from KORUS-AQ. These 152 

measurements can provide new constraints on the radiative effects of BC sourced in East Asia, 153 

and allow exploration of the observed variability of BC due to influences from different source 154 

regions. KORUS-AQ measurements and methodologies are described in Section 2. Section 3 155 

examines chemical tracer relationships for air sourced to South Korea from different regions. 156 

Section 4 explores how source region and synoptic-scale meteorology impact the observed BC 157 

mass loadings, internal mixing, size distributions, and BC/CO relationship at different altitudes. 158 

In section 5, the source-dependence of vertically resolved BC mass loadings are used in 159 

conjunction with output from a global radiative transfer model (Samset & Myhre, 2011) to 160 

estimate relative contributions of different source regions to the regional BC direct radiative 161 

effect. These measurements are examined in the context of previous aircraft studies in the same 162 

region to assess how seasonal variability impacts BC concentrations at different altitudes. 163 

2 Methods 164 

2.1 Measurements in South Korea on the NASA DC-8 165 
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In situ measurements of rBC containing aerosols were made during the KORUS-AQ campaign 166 

on the NASA DC-8 aircraft. KORUS-AQ was an international air quality study which took place 167 

in South Korea from May 1
st
 - June 10

th
, 2016, and employed a multi-platform approach to 168 

provide in situ sampling of aerosols and gases, with the over-arching goal of validating satellite 169 

and ground-based measurements of air quality (more information about KORUS-AQ is given in 170 

Al-Saadi et al. (2015)). The NASA DC-8 carried a suite of instruments to sample in situ aerosol 171 

composition, microphysics and optics, size distributions, and cloud droplets, as well as remotely 172 

sensed aerosol data products. Trace gas species and photolysis rates were also measured. 173 

The DC-8 flew 20 research flights in South Korea, for a total of 154 flight hours, typically 174 

sampling between 300 to 7500 m over land and 150 to 7500 m over the ocean. Sampling targets 175 

included both the inflow and outflow regions of South Korea, with measurements over the 176 

Korean peninsula, the Yellow Sea, the East China Sea, and the Japan Sea (Figure 1). Systematic, 177 

repeated sampling over the Seoul Metropolitan Area (SMA) provided statistically robust 178 

measurements under different meteorological conditions, at different times of the day (Figure 1, 179 

inset). Most flights included an overflight of a ground site located in Olympic Park (central 180 

Seoul) followed by a missed approach (e.g. where the plane approaches a runway but does not 181 

complete a full-stop landing) at the Seoul Air Base (in Seongnam, directly southeast of Seoul), 182 

and then a spiral up to ~7500 m over the Taehwa Research Forest (a rural site near Gwangju, 183 

approximately 30 km southeast of Seoul), with this pattern repeated typically 3 times per flight, 184 

providing statistics for detailed analysis of vertical profiles without sampling bias.   185 

 186 

rBC was detected with a single particle soot photometer (SP2, Droplet Measurement 187 

Technology, Longmont, CO), sampling from an iso-kinetic inlet mounted on the DC-8 188 

(McNaughton et al., 2007), with typical sampling flow rates of ~2 vccm. The SP2 uses laser-189 

induced incandescence to measure rBC mass on a single particle basis (Stephens et al., 2003). 190 

Single particle rBC mass is linearly proportional to its emitted incandescence signal (Slowik et 191 

al., 2007), which is detected by a photomultiplier tube (PMT). The rBC mass to incandescent 192 

signal relationship was calibrated using a BC reference material (Fullerene soot, Sigma-Aldrich 193 

lot #F12SO11) size-selected through a differential mobility analyzer (DMA) for mobility 194 

diameters between 125-350 nm. Previous inter-comparison studies demonstrated fullerene soot 195 

can be used as a consistent calibration standard for ambient rBC, as both similarly respond to 196 

laser induced incandescence (Kondo et al., 2011; Baumgardner et al., 2012). An empirical 197 

relationship between mobility diameter and single particle rBC mass was previously determined 198 

for SP2 measurements of fullerene soot (lot #F12SO11) (Moteki and Kondo, 2010). Mass 199 

calibrations with the DMA were performed 6 times during the campaign, and the average linear 200 

fit through all calibrations was used in processing data. The standard deviation between these 201 

calibrations gave an uncertainty in the single particle black carbon mass measurement of 6%/fg 202 

and a constant offset of <0.5 fg.  203 

The volumetric rBC mass mixing ratio (MMR), reported in ng/(std. m
3
), i.e. at standard pressure 204 

and temperature, was determined by adding up all single particle SP2 mass measurements in 1 205 

second time bins and dividing by the measured sample flow rate, with an additional correction 206 

for the instrument’s acquisition rate (Schwarz et al., 2006). The SP2’s sampling flow rate was 207 

calibrated immediately preceding the campaign. Due to typical uncertainties in the flow rate 208 

during aircraft sampling and uncertainty in the relationship between the rBC reference material 209 
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and ambient rBC mass, the rBC MMR measured by the SP2 has an estimated uncertainty of 25% 210 

(Schwarz et al. 2006; Laborde et al., 2012). 211 
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Since the SP2 measured rBC with a volume equivalent diameter of 100-500 nm (assuming a 212 

void-free density of 1.8 g/cm
3
 for rBC), it quantified approximately 80-90% of rBC mass in the 213 

accumulation mode. To estimate total accumulation mode rBC mass (including rBC above and 214 

below the SP2 detection limit), a mass correction factor was determined from fitting a log normal 215 

distribution to the measured size distribution during each vertical sampling period (Spackman et 216 

al., 2008). These mass correction factors have been applied to the data in the vertical profile 217 

analysis discussed in Sections 3 and 4. 218 

Preflight and inflight calibrations of the SP2 were made with polystyrene latex spheres (PSLs) to 219 

determine laser intensity for measurements of aerosol optical size from the scattered light signals 220 

measured by two avalanche photodiodes (Schwarz et al., 2010b). Mie core-shell theory was used 221 

to determine a coating thickness for materials internally mixed with rBC, using the leading-edge-222 

only (LEO) fitting method (Gao et al., 2007), and assuming an index of refraction of ncoating=1.45 223 

for the internally mixed material and ncore=2.26+1.26i (Moteki et al., 2010) for the rBC core. 224 

Uncertainty in core-shell lensing has previously been estimated to be ~10% for thickly coated 225 

particles, using laboratory generated aerosols; coatings on thinly coated rBC particles derived 226 

from LEO fitting may be underestimated by as much as 50% though (Ohata et al., 2016a). A 227 

temperature-dependent correction was applied to the measured scattering signal to account for 228 

decreased laser power at high temperatures, based on an observed correlation between PSL 229 

modal scattering signals and instrument temperature at the same laser current (See 230 

Supplementary Information Section S1 and Figure S1).  231 

In this analysis, we have reported internal mixing of rBC in terms of an average coating 232 

thickness for particles containing  4-6 fg rBC cores; this criterion was adopted to maximize the 233 

number fraction of the rBC population included in the average (as the SP2 detected 4-6 fg rBC 234 

cores with high efficiency and the number distribution peaked below the SP2 mass detection 235 

limit of ~1 fg) and because optical sizing was typically achieved for greater than 90% of the 236 

number for rBC > 4 fg. This 4-6 fg rBC core range also allowed coatings to be compared 237 

between rBC populations with different size distributions. Observations from the SP2 were used 238 

to estimate absorption enhancement due to internal mixing for the population of detected rBC 239 

containing aerosols, as has been previously described in Schwarz et al. (2008b). This calculated 240 

absorption enhancement utilized both the coating thickness and rBC mass of individual particles, 241 

providing an estimate of the enhanced absorption (compared to bare BC) for the entire 242 

population of aerosols; as Mie core-shell theory was used, this is likely an overestimate (Liu et 243 

al., 2017). 244 

In-cloud measurements, which can introduce artifacts related to inlet shattering by ice particles 245 

and cleansing of previously deposited materials by water droplets (Perring et al., 2013), have 246 

been removed from the data. Observation periods where clouds were likely present were 247 

determined from coarse mode measurements with a cloud particle spectrometer with polarization 248 

detection (CPSPD, Droplet Measurement Technology, Longmont, CO). Data associated with 249 

rapid changes in sampling pressure have also been removed, as derived rBC mass mixing ratios 250 

were directly impacted by uncertainties in the sampling flow rate.  251 

In situ measurements of gas phase species that were co-emitted with BC were used in a chemical 252 

tracer analysis discussed in Section 3 to corroborate the back-trajectory analysis. Carbon 253 

monoxide gas was measured by the Differential Absorption Carbon Monoxide Measurement 254 
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(DACOM), with an uncertainty of 2% or 2 ppbv (parts per billion by volume), as described in 255 

Sachse et al., (1987; 1991). Acetonitrile (CH3CN) and toluene (as well as other volatile organic 256 

carbon compounds) were measured by a proton transfer reaction-time-of-flight mass 257 

spectrometer (PTR-TOF-MS), with an uncertainty of ±20%, as described in Müller et al. (2014).  258 

The Whole Air Sampler (WAS) collected ambient air during each flight into evacuated steel 259 

canisters over ~1-minute periods, approximately every 3-5 minutes. Trace gases, including 260 

halocarbons and hydrocarbons, were subsequently analyzed in a laboratory in California using 261 

gas chromatography with flame ionization detection, electron capture detection, and mass 262 

spectrometric detection, as described in Colman et al. (2001) and Simpson et al. (2011). 263 

Trichlorotrifluoroethane (CFC-113) was measured with a 3% accuracy and 1% precision. 264 

Dichloromethane (CH2Cl2) was measured with a 10% accuracy and 5% precision.  265 

2.2 Back trajectory analysis of rBC sources 266 

To investigate variability in vertically resolved BC mass and optical properties and relationships 267 

to trace gas species, a back-trajectory analysis was performed for all the NASA DC-8 flights to 268 

determine history of sampled air during the 5 days preceding sampling. 120-hour back 269 

trajectories were calculated using the Hysplit4 Model (NOAA’s Hybrid Single-Particle 270 

Lagrangian Integrated Trajectory Model) (Draxler and Hess, 1997, 1998; Draxler et al., 1999; 271 

Stein et al., 2015), driven by meteorological data from the Global Data Assimilation System with 272 

a horizontal resolution of 0.5° and 55 vertical layers. Hysplit4 models back trajectories by 273 

interpolating meteorological data between grid points. Trajectory uncertainty can arise from 274 

starting position errors and uncertainty in the meteorological wind fields. Back trajectories were 275 

run for every minute of flight data in South Korea, initiated from the central values of altitude, 276 

latitude, and longitude sampled within that minute (9619 minutes total).  277 

A source region was assigned to each observed air parcel by identifying the latitude and 278 

longitude associated with the most recent time the air parcel interacted with the boundary layer. 279 

The planetary boundary layer height was taken to be the model mixing depth (determined from 280 

the meteorological model at every point along each back trajectory). For air parcels observed 281 

within the boundary layer, they were assigned to the region in which they were measured, to 282 

provide an upper bound on the influence of local sources; to explore the inaccuracies in 283 

attributions due to this simple approach, several cases where the boundary layer was clearly 284 

influenced by transport from other regions are discussed in Sections 3 and 4.  285 

Approximately one third of the back trajectories did not reach the boundary layer in the five days 286 

simulated. Since similarities between relationships of BC to co-emitted chemical tracers (Section 287 

3.1) indicated these air parcels were likely significantly influenced by regional sources, they 288 

were instead associated with the region over which they spent the most time in the preceding 5 289 

days; in 86% of cases, these were also the regions where air made the closest approach to the 290 

boundary layer. For air parcels that interacted with the boundary layer in less than 5 days, the 291 

average time since boundary layer interaction was 26.2 hours. This distribution of times until last 292 

boundary layer interaction showed clear diurnal trends, indicating that diurnal changes in 293 

planetary boundary layer height led to most interactions. 294 

The position of last boundary layer interaction associated with all air parcels measured during 295 

vertical sampling above Taehwa Research Forest (discussed in Sections 4 and 5) is shown in 296 
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Figure 2 (5 day back trajectories are shown in Figure S3), along with defined regions used in this 297 

analysis. Higher altitude points are generally associated with longer-range transport, and with 298 

transport from lower latitudes. The regions used are South Korea, North Korea, marine/Japan, 299 

China, Russia, Mongolia, central Asia, and long-range transport. Marine/Japan designates back 300 

trajectories associated with boundary layer interactions over the East China Sea, Yellow Sea, 301 

Japan Sea and over Japan. Central Asia is defined as the region including Kazakhstan, 302 

Uzbekistan, Turkmenistan, Kyrgyzstan, and Tajikistan. Long range transport designates transport 303 

from any other region. Air parcels that did not interact with the boundary layer in the previous 5 304 

days are not shown. The average time between sampling and last interaction with the boundary 305 

layer for South Korea was 5±10 hours (e.g. from 0-15 hours), North Korea 34±25 hours, 306 

marine/Japan 19±26 hours, China 45±26 hours, Russia 82±21 hours, Mongolia 61±19 hours, 307 

central Asia 94±15 hours, and long-range transport 93±19 hours.  308 

We determined accumulated precipitation along the back trajectories (APT) by integrating 309 

hourly rainfall (in mm/hour, from the GDAS05 meteorological data fields) in a Lagrangian sense 310 

along each trajectory until its last interaction with the boundary layer. APT is a useful metric for 311 

evaluating which air parcels may have been influenced by precipitation and has previously been 312 

used in several studies to investigate the wet removal of aerosols (Matsui et al., 2011; Oshima et 313 

al. 2012; Kanaya et al. 2016). 314 

3 Chemical tracer relationships for air sourced from different regions  315 

3.1 rBC chemical tracer relationships 316 

rBC-chemical tracer relationships for air sampled over South Korea associated with particular 317 

regions corroborated the back-trajectory analysis. Air parcels with enhanced toluene (which was 318 

observed to be very prevalent in urban areas of South Korea and has a chemical lifetime of ~2 319 

days (Prinn et al., 1987)) were associated with South Korea, while those with significant CFC-320 

113 were associated by the back-trajectory analysis with China (Vollmer et al., 2018).  321 

The influences of different combustion sources and removal processes on BC were evaluated by 322 

studying co-emitted chemical species. Since both BC and CO are emitted during incomplete 323 

combustion, sources often have characteristic linear BC to CO relationships. Fresh biomass 324 

burning typically has a high BC/CO ratio, while more efficient urban combustion tends to have 325 

lower ratios of BC/CO (Spackman et al., 2008). Removal influences observed BC mass mixing 326 

ratios relative to CO, with higher BC/CO slopes indicative of fresher emissions, as BC is 327 

removed more rapidly than CO. Acetonitrile (CH3CN) is also typically used as a tracer of 328 

biomass burning emissions (de Gouw et al., 2004; Warneke et al., 2004, 2006), although recent 329 

laboratory measurements also demonstrate CH3CN can be emitted from residential coal burning 330 

(Cai et al., submitted). Dichloromethane (CH2Cl2) is a hydrocarbon that is not produced by 331 

combustion, but is used as an industrial solvent, and can be used as a tracer of urban emissions 332 

(Chen et al., 2007; Matsui et al., 2011).  333 

The relationship between BC and CO, BC and CH3CN, and BC and CH2Cl2 for each source 334 

region from average concentrations observed in the 1-minute time bins associated with each 335 

back-trajectory is shown in Figure 3 (CH2Cl2 is shown only during minutes when WAS 336 

observations were available, ~43% of observations). These tracer-tracer relationships indicated a 337 
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significant mix of sources for air attributed to South Korea, China, and Marine/Japan, while 338 

transport from other regions generally demonstrated more linear tracer-tracer relationships. 339 

These linear trends were comprised of measurements over multiple observation days, not only 340 

associated with individual plumes. Observations attributed to regions based on residence time 341 

(shown as open circles) generally fell along the same trends as those attributed based on last 342 

interaction with the boundary layer (shown as filled circles).  343 

The BC to CO relationship was highest for air associated with North Korea and with thinly 344 

coated rBC (<50 nm) in South Korea (3.9±0.2 ng/(std. m
3
)/ppbv, R

2
=0.68). These BC/CO 345 

relationships reflected both differences in BC/CO emission ratios, as well as the impact of 346 

removal during transport. The BC to CO ratio has previously been used to estimate removal 347 

efficiency in East Asia (Oshima et al., 2012), and long-term ground-based monitoring at Fukue 348 

Island provided estimates for characteristic BC/CO relationships for different source regions in 349 

East Asia, with more significant depletion in air that had a significant history of precipitation 350 

(Kanaya et al., 2016). As expected due to increasing likelihood of removal of BC with transport 351 

time, we note that increasing distance resulted in progressively lower BC/CO ratios. Long range 352 

transport in particular was associated with a slope of 1.3±0.1 ng/(std. m
3
)/ppbv and an R

2
=0.3, 353 

suggesting air mass mixing and BC removal during transport. This source region encompassed a 354 

wide geographical area, so combustion sources and removal events were likely highly 355 

inhomogeneous. While air sourced from Russia and from North Korea both typically entered 356 

South Korea from the north, the BC/CO associated with these two regions were distinct, with air 357 

sourced from Russia having a lower slope (2.7±0.1 vs. 3.2±0.2 ng/(std. m
3
)/ppbv for North 358 

Korea). 359 

South Korea showed significantly more air parcels associated with high BC loadings and little 360 

coatings than other regions, characteristic of freshly emitted BC near sources, and often 361 

associated with enhanced CH2Cl2, indicating urban sources. North Korea also demonstrated 362 

enhanced CH2Cl2 relative to BC.  363 

Chinese-sourced air demonstrated two distinctive trends in BC/CH3CN, with the higher slope 364 

(4.6±0.2, R
2
=0.76) associated with back trajectories terminating near highly populated regions in 365 

northeastern and eastern China (e.g. with high observed BC concentrations associated with urban 366 

areas including Beijing and Shanghai), and the lower slope (0.47±0.03, R
2
=0.54) associated with 367 

longer range transport from less populated areas in western and central China. The higher slope 368 

is associated with air masses that have a CH3CN/CO slope of ~0.4 pptv/ppbv, which has recently 369 

been shown to be characteristic of combustion of bituminous coal typically used for residential 370 

cooking and heating in China (Cai et al., submitted). The air masses associated with northeastern 371 

and eastern China contain ~80% of the total BC MMR attributed to China during the campaign. 372 

The lower slope was likely associated with aged biomass burning. The BC/CH3CN associated 373 

with western and central China was similar to that observed for long range transport, suggesting 374 

multiple influences for these air masses. The air masses from northeastern China also 375 

demonstrated a significant BC/CH2Cl2 correlation (1.6±0.1, R
2
=0.63), consistent with this air 376 

being associated with urban regions. 377 

3.2 Non-local influences in the boundary layer 378 

The source attribution method (Section 2.2) used here cannot differentiate between local and 379 
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non-local sources within the boundary layer. However, examination of differences in both BC-380 

tracer relationships and BC microphysics has enabled identification of cases of clear non-local 381 

influence in the boundary layer. Observations of thickly coated rBC (>100 nm on average for 4-6 382 

fg rBC cores) in air associated with Marine/Japan and with South Korea demonstrated a non-383 

linear BC/CH3CN trend (see Figure 3). These aerosols were observed on May 20
th

 and 22
nd

, and 384 

back trajectories for these air masses suggested they were most likely influenced by aged smoke 385 

transported from fires in Siberia (see Figure S2 and Peterson et al. (2017) for more details). The 386 

Fire INventory from NCAR (FINN) (Wiedinmyer et al., 2011) indicated fires in this region of 387 

Siberia during the week preceding sampling. Since these measurements were generally at lower 388 

altitudes (<3 km), this case indicated significant mixing between air masses or influences of non-389 

local sources for air sampled in the boundary layer was not fully captured by the source 390 

attribution method used here. We discuss further examples of non-local influence identified by 391 

differences in BC microphysics and mass loadings in Section 4. 392 

4 Vertically resolved measurements over Taehwa Research Forest  393 

The highest BC concentrations measured during the KORUS-AQ campaign occurred at low 394 

altitudes over the East China Sea and missed approaches at Seoul Air Base (up to 3700 ng/(std. 395 

m
3
), while BC concentrations were lower over the Japan Sea (Figure 1). Within these broad 396 

patterns, however, changing meteorological conditions resulted in significant day-to-day 397 

variations. Here we have explored how distinct meteorological periods during the campaign 398 

influenced the observed rBC vertical profiles. We focused on spiral measurements over Taehwa 399 

Research Forest because the repeated sampling provided good statistics (48 rBC profiles 400 

comprising 874 minutes of flight time) and allowed us to avoid biases related to targeted 401 

sampling of plumes during some research flights.  402 

4.1 rBC associated with different source regions over Taehwa Research Forest 403 

Using the source region attribution described in Section 2.2 for the air parcels sampled over 404 

Taehwa Research Forest, the dM/dLogD mass distributions of rBC and the internal mixing 405 

(expressed as the average coating thickness for 4-6 fg rBC cores and as an absorption 406 

enhancement) associated with each source region were determined. The mass median diameter 407 

(MMD) of rBC associated with each region was found by fitting a log-normal distribution to the 408 

dM/dLogD mass distribution. These values are summarized in Table S1 along with the average 409 

coating thicknesses for 4-6 fg rBC cores and associated absorption enhancements. Normalized 410 

dM/dLogD mass distributions determined from the rBC core mass, expressed as a volume 411 

equivalent diameter are shown in Figure S4, as are normalized histograms of coating thickness 412 

for each source region. Uncertainty ranges for MMD and average coating thickness were 413 

determined from the standard deviation between values for every 10000 particles associated with 414 

each region; this bin size was chosen to provide sufficient statistics for the log-normal fits. 415 

The MMD of rBC was related to both emission source and air parcel history since emission 416 

(Schwarz et al., 2008a; Moteki et al., 2012; Ohata et al., 2016b). On average the rBC associated 417 

with South Korea (and observed in the boundary layer, see Section 2.2) had the smallest mass 418 

median diameters (152±25 nm), characteristic of freshly emitted, urban rBC (Schwarz et al., 419 

2008a). While air parcels associated with back trajectories only influenced by South Korea were 420 

relatively rare (Figure S3), this smaller MMD was consistent with observations on May 17
th

 and 421 
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May 18
th

, where meteorological conditions limited transport, and rBC associated with South 422 

Korea in this case had an even smaller MMD of 130 nm. In general, the MMD associated with 423 

transported air from the other regions was larger (167-180 nm). The largest MMD was 424 

associated with rBC attributed to China (180±13 nm) and the Marine/Japan region (180±7 nm). 425 

The Marine/Japan region was generally influenced by transported pollution from China across 426 

the Yellow Sea. This larger MMD for rBC in air attributed to China was likely related to 427 

differences in combustion characteristics. This large size was consistent with measurements 428 

made during targeted sampling of Chinese pollution plumes in low legs over the Yellow Sea on 429 

May 25
th

, where a mass median diameter of 190 nm was measured in the marine boundary layer. 430 

For the selection of air masses associated with northeastern and eastern China, the MMD was 431 

184±15 nm, while the MMD associated with western China was 170±5 nm, with a smaller mode 432 

at 435 nm (see Figure S5). These results were consistent with previous ground-based 433 

measurements on the northeastern Tibetan plain, where rBC has been observed to have a MMD 434 

of 175 nm, with a secondary MMD mode between 470-500 nm (Wang et al., 2014b). Other 435 

observations in China have also observed larger secondary modes (Huang et al., 2012; Wu et al., 436 

2017). The mass median diameter associated with long range transport was smaller (167±11 nm) 437 

than any of the other regions excluding South Korea, which could be related to preferential 438 

removal of larger BC particles during transport (Ohata et al., 2016a). When considering all air 439 

parcels sampled during KORUS-AQ, the MMD decreased for air parcels associated with greater 440 

APT (accumulated precipitation, see Section 2.2), suggesting particles with greater rBC mass 441 

were more likely to be removed (Figure S6); however, this analysis was limited by the low 442 

number of observations associated with any particular source region. 443 

The internal mixing of rBC particles, represented as both an average coating thickness and an 444 

absorption enhancement factor, also demonstrated variability related to source region. While the 445 

average coating thickness for South Korea was 75±25 nm, the histogram of coating thicknesses 446 

for South Korea (Figure S4) was bimodal, indicating mixed rBC populations with thinner and 447 

thicker coatings. Throughout the campaign, South Korean rBC generally included both thinner 448 

coatings (measured near sources, such as during the missed approaches at Seoul Air Base) and 449 

thicker coatings, which may be associated with significant secondary organic aerosol (SOA) 450 

formation observed within the Seoul Metropolitan Area (Kim et al., 2018). The average coatings 451 

observed during the missed approach at Seoul Air Base were typically <40 nm, and thinnest 452 

early in the day, characteristic of fresh urban emissions. For the observations on May 17
th

 and 453 

18
th

 with minimal non-local influence, the average coating thickness was ~50 nm. As the Taehwa 454 

site was located downwind of Seoul, significant secondary formation of sulfate and organic 455 

aerosols leading to thicker rBC coatings on transported urban emissions was consistent with 456 

previous observations of increased rBC coatings downwind from urban and industrial sites 457 

(Moteki et al., 2007; Shiraiwa et al., 2007; Miyakawa et al., 2017). rBC sourced from China had 458 

thinner average coatings (71±11 nm) than air sourced from South Korea, but a narrower 459 

distribution, leading to a slightly higher absorption enhancement (1.66 vs. 1.64). The thickest 460 

average coatings (86±18 nm) and largest enhancement (1.79) were associated with the 461 

Marine/Japan region; this was likely related to aging as air was transported through the marine 462 

boundary layer far from source regions (including very thickly coated rBC sourced from 463 

wildfires in Siberia on May 20
th

 and 22
nd

).  Long range transport was associated with the thinnest 464 

coatings (60±4 nm) and lowest absorption enhancement (1.54), providing additional evidence for 465 

significant removal during transport. Consistent with laboratory measurements (McMeeking et 466 
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al., 2010), air associated with a more significant history of precipitation (e.g. higher APT) was 467 

generally observed to have less thickly coated rBC than air with similar transport times to South 468 

Korea but with little history of precipitation (See Figure S6). The Mie theory core-shell 469 

calculation assumed the same index of refraction for the internally mixed “coatings” from all 470 

source regions and did not account for potential differences in chemical composition that could 471 

impact aerosol optical properties.  472 

Several ground-based studies at Fukue Island, Japan have investigated source-region dependence 473 

of rBC optical properties and size distributions in East Asia. These included a study on Fukue 474 

Island in the spring (March and April) of 2007 (Shiraiwa et al., 2008), and more recent work on 475 

Noto Peninsula in the spring of 2013 (Ueda et al., 2016). Shiraiwa et al. (2008) observed larger 476 

rBC mass distributions in East Asian outflow (200-220 nm) than observed here. They also found 477 

that air attributed to China had smaller rBC mass distributions than South Korea or Japan. 478 

Disparities may be related to removal and atmospheric processing, which was likely more 479 

significant for the aerosols sampled above the boundary layer. Differences in hygroscopicity of 480 

aerosols sourced from different regions could also play a role, as internally mixed rBC sourced 481 

from China were shown to have undergone more efficient wet removal during transport than 482 

aerosols sourced from other regions (Miyakwa et al., 2017). Ground-based measurements were 483 

also more likely to be disproportionately influenced by near-source emissions or mixing in the 484 

boundary layer between local and transported emissions. Shiraiwa et al. found thinnest coatings 485 

for near-source and free tropospheric (unattributed) BC (2008), which were similar to the 486 

observation that both air attributed to South Korea and long-range transport had the thinnest 487 

observed coatings during KORUS-AQ. Ueda et al. (2016) also observed larger rBC mass 488 

distributions (183 to 217 nm) than our study, but similar to the observations presented here they 489 

found that transported rBC associated with China and the Yellow Sea had larger size 490 

distributions (210 and 217 nm) than nearer-source rBC from Japan or the Japan Sea (188 and 183 491 

nm). Ueda et al. (2016) found absorption enhancements of ~1.3 for air sourced from China to 492 

Japan in the spring of 2013, although the enhancement reported here was not directly comparable 493 

since they determined enhancement from a thermodenuded photoacoustic soot spectrometer, 494 

while we calculated an enhancement via Mie theory. 495 

4.2 Meteorological influences on vertically resolved BC source region 496 

During the KORUS-AQ campaign, significant variation in large-scale (synoptic) meteorology 497 

influenced observed pollution levels in the study region, driven primarily by mid-latitude 498 

features. For this analysis, we defined four distinct meteorological periods: a “dynamic period”, a 499 

“stagnant period”, an “extreme pollution period”, and a “blocking period” based on the observed 500 

synoptic meteorology. The “dynamic period” referred to the first two weeks of May, which were 501 

dominated by an active mid-latitude storm track responsible for pollution lofting, precipitation, 502 

and a significant dust transport event from China and Mongolia during May 4
th

-7
th

. This was 503 

followed by stagnant meteorological conditions (“stagnant period”) dominated by persistent high 504 

pressure and weak synoptic flow, which magnified the impact of local pollution, from May 17
th

 - 505 

May 22
nd

, and increased the importance of afternoon sea breezes in the Seoul area to facilitate 506 

boundary layer mixing. This period was also influenced by smoke transport from Siberia. The 507 

strongest impact of transported pollution from China (“extreme pollution period”) occurred 508 

during May 25
th

 - May 31
st
. This period included two distinct transport events, with the first from 509 
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May 25
th

 until midday on May 28
th

, and a second less significant episode from May 29
th

-May 510 

31
st
. A Rex Block (“blocking period”) developed towards the end of the campaign, characterized 511 

by some pollution transport and cloud cover, from June 1
st 

- June 7
th

. Rex Blocking occurs when 512 

a high-pressure weather system is located immediately north of a low-pressure system (in the 513 

northern hemisphere), blocking new weather systems from moving in, and creating fairly stable 514 

weather conditions in the impacted region (Rex, 1950). An overview of the meteorological 515 

conditions during the campaign were given in Peterson et al. (2017).  516 

Each of these meteorological periods was represented in the vertical profiles over Taehwa 517 

Research Forest, with 16, 10, 9, and 8 vertical profiles during the dynamic, stagnant, extreme 518 

pollution, and blocking periods, respectively. The measured rBC concentration in ng/(std. m
3
), 519 

coating thickness in nm (for 4-6 fg rBC cores), mass median diameter, and BC/CO slope for all 520 

48 vertical profiles is shown in Figure 4, along with the average for each meteorological period.  521 

Source attribution from the Hysplit back-trajectory analysis was used to investigate differences 522 

between meteorological period. Relative contributions of BC from each source region were 523 

determined in 50 hPa pressure bins for each period (Figure 5) by summing the rBC mass 524 

associated with that region and dividing by the total observed rBC mass in that altitude bin, for 525 

all vertical profiles measured during a specific meteorological period. Observed differences in 526 

vertical profiles during each meteorological period were associated with influences from 527 

different source regions. We determined the average and minimum/maximum boundary layer 528 

height during the observations over Taehwa for each of the 4 periods from the meteorological 529 

model. For each period we have also used the back-trajectory analysis to calculate the average 530 

APT associated with air sampled at different altitudes in 50 hPa bins (Figure S7). 531 

532 
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For all meteorological periods, transport from China was generally significant between 900 hPa 533 

and 700 hPa, and at altitudes above 600 hPa; these distinct contributions were associated with 534 

transport from high population density areas in eastern and northeastern China at the lower 535 

altitudes, and transport from western and central China at the higher altitudes (see Figure 2 and 536 

Figure S3). Back trajectories for the extreme pollution period indicated that transported Chinese 537 

pollution observed at the lower altitude levels were typically sourced from further south (e.g. east 538 

central China) than during the other three meteorological periods. Russian sources were 539 

important between 700 and 450 hPa, but there was significant variability between meteorological 540 

periods. rBC loadings for profiles associated with Russia between 700 and 450 hPa generally had 541 

lower rBC concentrations than those from China: at 700 hPa, rBC loadings were typically < 50 542 

ng/(std. m
3
) in air attributed to Russia and >50 ng/(std. m

3
) for air attributed to China. The fairly 543 

similar trends in APT associated with air sampled at these altitudes for each period indicated that 544 

differences in mass loadings reflected regional differences in emissions. 545 

The dynamic period had the highest rBC MMR (Figure 4a) at altitudes above 600 hPa on 546 

average, although individual profiles showed significant variability, as this period was associated 547 

with the strongest vertical motion. In some cases, there were fairly high mass loadings at 548 

altitudes above 750 hPa, with concentrations near 100 ng/(std. m
3
) even at the highest observed 549 

altitudes; these profiles were associated with back trajectories that had spent a significant amount 550 

of time over China, and in some cases, northern India. (The FINN inventory indicated significant 551 

fire activity in northern India at the beginning of the campaign.) The stagnant period was 552 

characterized by the lowest rBC MMR at all altitudes, save for the lowest bin, which had higher 553 

rBC MMR (670 ng/(std. m
3
) at 1000 hPa) than during the dynamic (570 ng/(std. m

3
)) and 554 

blocking (610 ng/(std. m
3
)) periods, which was the result of large-scale subsidence. Like the 555 

dynamic period, this average profile was less variable above 750 hPa, although the average rBC 556 

MMR was much lower, approximately one-third of that observed during the dynamic period. 557 

The highest rBC MMR was observed in the boundary layer during the extreme pollution period. 558 

The average value at 1000 hPa was 1400 ng/(std. m
3
), more than twice the average during the 559 

other three periods; this suggests a significant influence of Chinese pollution at the surface, 560 

which was not captured by the source attribution method (Figure 5c). The highest rBC MMR 561 

found between 650-750 hPa was also observed during the extreme pollution period, averaging 562 

nearly twice what was observed at those altitudes during the other periods. This enhancement 563 

was associated with a larger relative contribution of Chinese pollution, which fell off above 600 564 

hPa when long-range transport became dominant, leading to lower rBC MMR. Finally, the 565 

blocking period demonstrated a strong mix of both local and regional sources with less 566 

variability in the individual vertical profiles, possibly due to the blocking pattern creating a more 567 

stable atmospheric profile. The significant influence of Russian sources between 850 and 550 568 

hPa corresponds with a less abrupt transition in the rBC mass vertical profile at these altitudes 569 

than during the other meteorological periods.  570 

The average coating thickness (Figure 4b) during the dynamic period demonstrated more 571 

consistency than the rBC mass as a function of altitude and was characterized by thinner coatings 572 

on rBC (at all altitudes) than the other meteorological periods. Since there were several rain 573 

events during this two-week period, wet removal may have preferentially removed thickly coated 574 

particles. The average APT was not significantly different than the other meteorological periods, 575 

however, suggesting the short timing between rain events may have been an important factor. 576 

The average rBC coatings near the surface were thickest during the stagnant period, likely due to 577 
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secondary aerosol formation increasing the coatings on aged local pollution. The thickest coated 578 

rBC near the surface (>100 nm) was measured during the flight on May 22
nd

 (as noted 579 

previously, this was likely due to aged, transported smoke from biomass burning in Siberia). For 580 

the extreme pollution period, the coatings showed enhancements between 1000-750 hPa, 581 

although they were thinner above 600 hPa (similar to the dynamic period), likely due to the 582 

influence of long-range transport and wet removal (see Figure S7). The blocking period was 583 

characterized by rBC coatings that showed an enhancement between 700 and 500 hPa, which 584 

was associated with transport from both China and Russia, as well as less significant 585 

contributions from Mongolia and Central Asia. This enhancement also corresponds with less 586 

APT (on average) associated with air sampled at those altitudes than during the other 587 

meteorological periods. 588 

In general, the MMD (Figure 4c) was lowest near the surface, increased up to approximately 750 589 

hPa, and then declined slightly from 750 hPa to 400 hPa. From the surface up to 750 hPa this 590 

trend was related to the dominance of rBC sourced from South Korea, with other sources 591 

becoming increasingly important at higher altitudes. The slight decline in MMD from 750 hPa to 592 

400 hPa was likely due to preferential removal of larger BC particles in transported air. Average 593 

APT for sampled air increased relative to altitude during all meteorological periods (Figure S7). 594 

The blocking period, which was less influenced by long range transport than the dynamic period, 595 

showed a larger MMD at these altitudes.  596 

The BC to CO relationship (Figure 4d) also demonstrated progressive removal at higher 597 

altitudes, as the highest BC/CO was generally observed near the surface. In some cases, plumes 598 

with higher relative BC/CO were observed in upper altitude bins, likely indicating instances of 599 

efficient transport from source regions with minimal removal. The highest BC/CO were 600 

attributed to air masses associated with low APT, indicating wet removal during transport 601 

significantly influenced the observed mass loadings (Figure S7). The highest BC/CO at all 602 

altitudes was observed during the stagnant period, which may be related to the influence of aged 603 

biomass burning smoke from Siberia (generally attributed to the marine/Japan region, see Figure 604 

5b and Figure S2).  605 

5 Observationally constrained influences on the BC direct radiative effect over South 606 

Korea 607 

 608 

To estimate the influence of different source regions on the BC direct radiative effect (DRE) in 609 

South Korea, we used the Hysplit back trajectory analysis to assess their relative contributions to 610 

BC vertical concentration profiles over Taehwa Research Forest (Figure 6, right panel). Since 611 

this analysis included all 48 vertical profiles measured during the campaign, it was not directly 612 

comparable to the relative contributions presented in Figure 5, as not every observation could be 613 

stratified into a specific meteorological period. The inferred relative contributions were then 614 

combined with an altitude-dependent normalized direct radiative forcing derived from a global 615 

radiative transfer model (discussed in Section 5.1) to calculate the source-specific BC DRE over 616 

South Korea. The BC DRE has previously been shown to be influenced by surface albedo, cloud 617 

cover, cloud height, BC mass loadings and microphysics, and the thermal structure of the 618 

atmosphere (Hodnebrog et al., 2014; Samset & Myhre, 2015; Stjern et al., 2017); our analysis 619 

here neglects these issues. While this analysis does not provide a rigorous determination of the 620 
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BC DRE specific to the actual metrological conditions during measurement, it does enable 621 

evaluation of altitude-resolved contributions from different regions to both the DRE and DRE-622 

variability driven only by BC mass.  623 

 624 

5.1 BC normalized direct radiative effect 625 

A global radiative transfer model previously described in Samset and Myhre (2011) was used to 626 

estimate the regional normalized direct radiative forcing (NDRF) efficiency for black carbon 627 

during KORUS-AQ. The NDRF is defined as the impact of aerosols (normalized by mass) at a 628 

particular altitude level on the outgoing, top-of-the-atmosphere shortwave flux, and has been 629 

used in several studies to explore the sensitivity of the DRE to variations in the vertical 630 

distribution of aerosols (Zarzycki & Bond, 2010; Samset & Myhre, 2011). This impact increases 631 

as a function of altitude (Figure 6 left panel, dashed black line) with the strongest effect 632 

associated with aerosols at the highest altitudes reflecting the fact that absorbing aerosols above 633 

clouds have a higher radiative impact than those in clear sky or below clouds (Stier et al., 2006; 634 

Zarzyki & Bond, 2010). To provide a climatological treatment of this issue, the radiative transfer 635 

model was run with regionally and seasonally resolved cloud conditions using the Integrated 636 

Forecast System at the ECMWF (Myhre et al., 2009). NDRF values were determined from an 637 

average over May and June for SMA (variability in DRE was evaluated for day-to-day changes 638 

in mass loadings, but not in cloud cover). The model assumed a MAC of 7.5 m
2
/g at 550 nm for 639 

all BC and aged BC was assumed to be internally mixed with 50% higher absorption than fresh 640 

BC, although these values were not observationally constrained.  641 

We determined the column DRE for BC at the top of the atmosphere by multiplying the observed 642 

rBC mass burden with the NDRF at that altitude and integrating over all altitude bins (from 1000 643 

hPa to 50 hPa). Since there were generally no observations over Taehwa Research Forest above 644 

400 hPa, two limiting cases for the higher altitude mass loadings were used to estimate the 645 

possible range of the un-measured fraction on NDRF. There were 3 observations during 646 

KORUS-AQ up to ~250 hPa; these vertical profiles are shown in Figure S8 and indicated rBC 647 

MMR of ~7 ng/(std. m
3
) at 250 hPa in the region.  For a central estimate, we therefore assumed 648 

the rBC MMR decreases linearly from the observation at 400 hPa to 7 ng/(std. m
3
) at 250 hPa (as 649 

the default case). For an upper bound, based on observations at 400 hPa that had significantly 650 

higher mass loadings than these 3 observations, we assumed bins from 400 hPa up to 200 hPa 651 

had the same mass mixing ratio as at 400 hPa, consistent with previous observations that 652 

indicated common occurrence of stable profiles for these altitudes (Schwarz et al., 2017). For the 653 

upper bound case above 200 hPa, we assumed an rBC mass mixing ratio of 1 ng/m
3
 (~4 ng/(std. 654 

m
3
), consistent with previous observations of high altitude rBC (Schwarz et al., 2006; Murphy et 655 

al., 2014). The altitude to pressure relationship above 400 hPa was estimated from the US 656 

standard atmosphere model.  657 

5.2 Diurnal and meteorological variability 658 

The total and relative regional contributions to the DRE from BC determined from this analysis 659 

are summarized in Table 1 for both the campaign average and each of the four meteorological 660 

periods. The column DRE over Taehwa Research Forest was between 0.48 and 1.86 W/m
2
 661 

during the measurement period, with an average value of 0.96 W/m
2
. If we included the data for 662 

the entire Seoul Metropolitan Area (SMA) in this analysis (e.g. including surface loadings 663 
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measured during the missed approaches at Seoul Air Base, which extended below vertical 664 

profiling over Taehwa), the average regional DRE for SMA was estimated to be slightly higher, 665 

at 1.04 W/m
2 
(0.51 to 2.01 W/m

2
). The relative contributions from each region were determined 666 

by integrating the percentage of the rBC burden associated with that region with the NDRF 667 

efficiency of its associated altitude. The assumed rBC mass burden in the high-altitude bins 668 

above 400 hPa up to 50 hPa using the central estimate accounted for on average 12% of the total 669 

campaign averaged DRE. Using the upper bound estimate for the high-altitude mass loadings, 670 

the column DRE was 10% higher, at 1.05 W/m
2 
(0.52 to 1.90 W/m

2
), with the high-altitude 671 

aerosols accounting for 19% of the total. 672 

The four meteorological periods exhibited different column DRE, with the extreme pollution 673 

period having the highest average DRE (1.50 W/m
2
). If we assumed that the rBC MMR 674 

measured in the boundary layer (at altitudes less than 800 hPa) that exceeded the average 675 

contributions from the other three meteorological periods was associated with Chinese transport 676 

(see Figure 4a), the relative contributions to the DRE for South Korea and China were 17% and 677 

39% respectively. The Stagnant period also had a significant impact from China aloft, but the 678 

lowest DRE (0.67 W/m
2
) of the four periods; a significant portion of the contribution associated 679 

with Marine/Japan (21%) was likely related to Siberian smoke transport in the marine boundary 680 

layer. The dynamic period (0.92 W/m
2
) was the most variable, both because it spanned the 681 

longest time period and also because of variability in high altitude rBC MMR (Figure 4a), which 682 

were sometimes a significant portion of the total column DRE. While the blocking period (0.91 683 

W/m
2
) had a similar average to the dynamic period, it had a different mix of sources above the 684 

boundary layer, including some contributions from North Korea, but little from long range 685 

transport (Figure 5d). To estimate how observed absorption enhancement would impact the BC 686 

DRE, we scaled the mass burden by the SP2-determined absorption enhancement relative to the 687 

1.5x enhancement already assumed in the NDRF calculation (effectively scaling the mass 688 

absorption coefficient). Scaling to the observed absorption enhancement led to a higher 689 

campaign average DRE (1.14 W/m
2
), and greater variability in DRE between the meteorological 690 

periods: the average for the dynamic period was 1.03 W/m
2
, the stagnant period 0.87 W/m

2
, the 691 

extreme pollution period 1.80 W/m
2
, and the blocking period 1.08 W/m

2
. This estimate did not 692 

account for changes in BC lifetime, which we assumed to be negligible over the limited 693 

geographical region we considered here. 694 

The variability in the total column DRE was determined from the minimum and maximum of the 695 

48 observations on 20 different flight days (see Figure S9 for DRE of individual profiles and 696 

relative contributions by source region). For profiles that did not have measurements in the 697 

lowest altitude bins, we used the campaign averaged BC mass and relative contributions for 698 

those bins, which may affect the accuracy of values for individual profiles but not the campaign 699 

average. Relative contributions also cannot be assessed with high resolution for individual 700 

profiles, as each profile only included ~17 minutes of data. Nevertheless, the large variability in 701 

regional DRE was clearly associated with either changes in the relative contributions of rBC 702 

sourced from China or from high mass loadings at the highest observed altitudes (Table 1 and SI 703 

Figure S9). The vertical profiles with the highest DRE values were generally those that were 704 

strongly impacted by contributions from China (e.g. during the period of extreme pollution and 705 

on May 2
nd

 and May 5
th

); in some cases there were also significant contributions from high 706 

altitude loadings (on May 2
nd

, May 5
th

, and May 26
th

). Diurnal trends for same-day observations 707 

generally showed increasing South Korean contributions throughout the day (on May 7
th

, May 708 
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12
th

, May 18
th

, May 20
th

, May 30
th

, June 2
nd

 and June 9
th

), often with an associated increase in 709 

DRE, likely due to mixing of local emissions to higher altitudes, where their radiative impact 710 

was amplified.  711 

The NDRF values determined in Samset and Myhre (2011) were strongly dependent on cloud 712 

conditions, with cloud effects largely responsible for the strong vertical trend in NDRF. 713 

Estimating these effects on a profile by profile basis is beyond the scope of this work, but 714 

observed differences in cloud cover between meteorological periods suggest that variability in 715 

DRE from this source would be larger than would be estimated from the concentration 716 

variability. In general, cloud cover was highest during the dynamic period and blocking period, 717 

with significant cloud cover at the end of the stagnant period and beginning of the extreme 718 

pollution period (Peterson et al., 2017). The clearest sky conditions were observed during the 719 

stagnant period, which corresponded with the lowest estimated DRE from the mass variability 720 

alone (Table 1). 721 

5.3 Spatial and seasonal variability of rBC vertical profiles 722 

Previous vertically resolved rBC measurements near the South Korean peninsula made during 723 

the A-FORCE campaigns taken in conjunction with these observations provide extended 724 

information about the seasonal variability of the BC direct radiative effect in the region. A-725 

FORCE 2009 made observations in early spring, from March 18
th

 to April 25
th

, 2009, and A-726 

FORCE W2013 made observations in late winter, between February 14
th

 and March 10
th

, 2013. 727 

Details of the measurements and flights during these campaigns were given in Oshima et al. 728 

(2012) and Kondo et al. (2016). Seasonal differences in BC mass concentrations in East Asia 729 

during these two campaigns were previously discussed in Kondo et al. (2016). Collocated 730 

measurements over the Yellow Sea during KORUS-AQ and the A-FORCE campaigns were used 731 

to evaluate seasonal changes in vertical BC mass burden. The A-FORCE 2009 campaign had 78 732 

profiles between 31-38°N and 123-131°E, close to the Korean peninsula; the A-FORCE W2013 733 

campaign had 63 profiles in the same location (See Figure 7 for vertical profile locations). Since 734 

measurements over the Yellow Sea during KORUS-AQ were generally targeting periods of 735 

significant continental outflow, the observed mass burden may overestimate the true seasonal 736 

average. 737 

We compared the average mass burden of a subset of these measurements, between 33-38°N and 738 

123.6-125.6°E, where measurements during all 3 campaigns were in nearly the same location 739 

(Figure 7). Surface loadings over the Yellow Sea were lower during the KORUS-AQ 740 

observations, but the measurements during the spring A-FORCE 2009 campaign demonstrated 741 

statistically significant higher mass loadings at the upper altitudes, above 700 hPa. The A-742 

FORCE 2013W campaign measured higher mass loadings between 900 and 700 hPa, but a 743 

similar rBC mass burden above 700 hPa. The spatial variability between average profiles of rBC 744 

MMR during the A-FORCE and KORUS-AQ campaigns in other regions (where vertical 745 

sampling periods were not completely co-located) is shown in Figures S10 and S11. 746 

The difference between the A-FORCE campaigns and KORUS-AQ could be due to year-to-year 747 

variability, but emission inventories from 2009 to 2013 (the last year included) showed 748 

increasing trends in regional BC emissions (Granier et al., 2017), suggesting the difference may 749 

be due to changes in seasonal transport. The earlier part of the KORUS-AQ campaign also 750 

demonstrated higher altitude rBC loadings than observed in the latter part of the campaign, 751 
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suggesting changing seasonal transport patterns. In terms of the BC DRE, the greater observed 752 

rBC mass burden above 700 hPa during the A-FORCE 2009 campaign may be offset somewhat 753 

by the lower regional NDRF at these altitudes during the early spring (see Figure 7, right panel), 754 

but a detailed analysis of the seasonal variability of regional DRE is beyond the scope of this 755 

work. 756 

6 Discussion and Conclusions 757 

This study investigated BC observed over South Korea during the KORUS-AQ campaign. These 758 

measurements provide a benchmark for future changes in regional BC emissions in East Asia. 759 

We explored the observed variability in rBC vertical profiles over a single site in South Korea 760 

over ~6 weeks. BC measurements coupled with a back-trajectory analysis demonstrated that both 761 

local and regional sources influenced the observed aerosol loadings, with significant vertical 762 

stratification of source contributions and variability attributable to meteorologically-driven 763 

changes in transport and removal. Model results are strongly dependent on their representation of 764 

BC’s vertical concentration profiles (Samset et al. 2013), and here we investigated how much 765 

real variability in BC profiles over a single location impacted BC DRE. 766 

These vertically resolved measurements suggest that BC transported from regional sources to 767 

South Korea were responsible for the majority of the regional DRE over South Korea, due in part 768 

to the larger forcing efficiency associated with higher altitude BC. Due to its location and 769 

geographic size, the importance of transboundary BC for regional DRE in South Korea was 770 

unsurprising, in contrast to neighboring China (where 65% of the annual BC regional DRE was 771 

attributed to local emissions in a modeling study (Yang et al., 2017)). Although previous work 772 

has shown that emissions from highly populated areas in northeastern China can contribute 773 

significantly to South Korea’s regional DRE (Kim et al., 2012), these measurements suggested 774 

that in late spring Russia’s relative contribution to the regional DRE over South Korea may also 775 

be important; the misattribution of air masses likely influenced by aged smoke transported from 776 

Siberia in this analysis suggested that Russia’s influence could be more significant than was 777 

estimated here. Since relative contributions were determined for altitudes below 400 hPa, 778 

contributions from long range transport were also likely underestimated.  779 

The estimated values for regional DRE in South Korea (0.48-1.86 W/m
2
) were similar to those 780 

derived in modeling studies. For example, Kim et al. (2012) estimated a regional DRE between 781 

0.4 and 1.8 W/m
2
 in the Seoul Metropolitan Area. The 3D radiative transfer modeling analysis in 782 

Matsui et al. (2016a) found higher regional DRE values (1.6-2.8 W/m
2
 for spring 2009), but their 783 

study included eastern China in the model domain, suggesting the analysis presented here 784 

provided a reasonable estimate of DRE. Previous studies using NDRF have generally found good 785 

agreement with global 3-D model estimates (Zarzycki & Bond, 2010). The NDRF values given 786 

by the model used in this analysis (Samset & Myhre, 2011) were generally strong compared to 787 

other radiative forcing model estimates (Samset & Myhre, 2015; Myrhe & Samset, 2015).  788 

The analysis in Section 5 also highlighted the importance of constraining BC in the upper 789 

troposphere. Even in a strong source region like East Asia, the upper altitude aerosols (above 400 790 

hPa) could account for up to one fifth of the BC direct radiative effect on average. We take this 791 

number as an upper limit but note significant uncertainty in constraining the regional DRE in 792 

East Asia with aircraft observations. This observation is consistent with previous modeling 793 
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studies that have noted a significant fraction of the uncertainty in modeled BC DRE is due to 794 

higher altitude aerosols (Samset et al. 2013; Wang et al. 2014a). The high rBC mass loadings 795 

associated with strong vertical motion observed at the beginning of the campaign indicated that 796 

upper altitude aerosols may be significant in the region in certain cases.  797 

Although we have estimated the DRE associated with BC over South Korea, the climate impacts 798 

of BC do not directly scale with DRE. The total climatic impact of BC also depends on rapid 799 

adjustments to the absorption and heating throughout the atmospheric column. These 800 

adjustments work against the DRE, lowering the effective radiative effect, but also altering the 801 

lapse rate and cloud properties (Hodnebrog et al., 2014; Samset & Myhre, 2015; Stjern et al., 802 

2017). These measurements indicated that BC size distributions and optical properties were 803 

influenced by source region in East Asia. This also has implications for the regional BC climate 804 

impacts, including source-specific BC lifetime, removal, and cloud effects, since larger BC is 805 

more likely to act as good cloud condensation nuclei (McMeeking et al., 2011).  806 

Although this study demonstrated that both local and regional sources influenced BC regional 807 

climate effect over South Korea, contributions to the observed rBC surface loadings are 808 

important for local air quality. Note that BC was a significant portion of the PM1 mass (~7% 809 

from ground-based measurements in SMA during KORUS-AQ (Kim et al., 2018)). During this 810 

observation period, the significantly higher mass loadings associated with the extreme pollution 811 

period suggested that BC transported from China impacted surface loadings at Taehwa in some 812 

cases. However, the consistent average values for the rBC MMR observed at the surface during 813 

the other three periods (including cases where no back trajectories were associated with highly 814 

populated regions of China) indicated significant local contributions as well. 815 

In addition to investigating the variability in rBC vertical profiles over a single site near a 816 

megacity in East Asia, these measurements provided a more complete picture of the spatial 817 

gradients in rBC for the inflow and outflow regions of South Korea (Figure S11). Vertically 818 

resolved measurements of rBC demonstrated significant spatial variability across a relatively 819 

small region at all altitudes. The disconnect between in situ observations and the coarse spatial 820 

resolution typically used by global aerosol models leads to substantial sampling errors even 821 

when using observations that “perfectly” agree with models (on the order ~100% for 822 

instantaneous BC surface loadings) (Schutgens et al., 2016). Since global climate models 823 

including aerosols can use grid spacing of ~200 km, and even satellite observations typically 824 

have resolutions ~10 km, the observed spatial variability would be challenging to constrain with 825 

current aerosol models and remote observations.  826 

The temporal variability associated with vertical sampling over a single site monitored over 827 

multiple days and meteorological conditions indicated a further challenge for global aerosol 828 

models, as short-term meteorological conditions and variability in source regions significantly 829 

influenced observations. These measurements demonstrated that diurnal and day-to-day 830 

variability in absorbing aerosol mass loadings and optical properties were significant, although 831 

many aerosol models provide output only on broad temporal scales, such as monthly averages. A 832 

study on the variability of aerosol loadings, composition, and relative humidity in systematic, 833 

repeated vertical sampling during the DISCOVER-AQ campaign in the Baltimore-Washington 834 

D.C. area demonstrated that significant model biases arise from averaging aerosol optical 835 

properties on daily or monthly timescales (Beyersdorf et al., 2016). Both the temporal variability 836 
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associated with synoptic-scale meteorology and the diurnal variability in the column BC DRE 837 

during KORUS-AQ was observed to be as much as a factor of 2. 838 
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Table 1. Regional contributions to black carbon direct radiative effect over South Korea, determined from 1200 
integrating the observed rBC mass burden in South Korea with the regional normalized direct radiative 1201 
effect. The top four rows give the regional DRE contributions for each meteorological period, and the bottom row is 1202 
for the entire campaign. Estimated variability was calculated from the range of DRE for each vertical profile 1203 
included in the analysis based on the BC mass variability. The relative contributions by region were based upon the 1204 
contributions to the average profile for each period, for observations between 1000 and 400 hPa. The high-altitude 1205 
contribution was based on the percent of the total DRE for that period; the upper limit (assuming constant BC mass 1206 
mixing ratio between 400 hPa and 200 hPa) is shown in parentheses. As discussed in Section 2.2, the estimated 1207 
contributions for South Korea given in the table provide only an upper bound on local influence.  1208 

Meteorological 

Period/ 

Campaign 

Average 

Regional DRE 

(W/m2) 

South 

Korea 

North 

Korea 

Marine 

& 

Japan 

China Mongolia Russia Central 

Asia 

Long 

Range 

Transport 

High 

altitude 

(>400 hPa) 

Dynamic 0.9−0.4
+0.6

 28% 0% 6% 22% 2% 14% 5% 10% 14% 

(24%) 

Stagnant 0.7−0.2
+0.2

 32% 0% 21% 24% 2% 4% 3% 0.5% 13% 

(15%) 

Extreme 

Pollution* 
1.5−0.8

+0.5
 34% 0% 1% 29% 3% 16% 7% 4% 7% (9%) 

Rex Blocking 0.9−0.4
+0.3

 27% 14% 5% 23% 1% 17% 2% 0.1% 11% 

(16%) 

KORUS-AQ 𝟏. 𝟎−𝟎.𝟓
+𝟎.𝟗 31% 2% 8% 22% 2% 14% 5% 3% 12% 

(19%) 

*Higher boundary layer values than the other 3 meteorological periods indicated likely influence from Chinese 1209 
pollution at the surface. See discussion in Section 5.2. 1210 

Figure 1. NASA DC-8 flight tracks during KORUS-AQ, color-coded by the BC mass mixing ratio in the 1211 
boundary layer for 60 s averaged SP2 observations. KORUS-AQ flight tracks for all 20 research flights are 1212 
shown in blue. Highest boundary layer values of BC were measured in the SMA, and during flights targeting periods 1213 
of significant Chinese outflow over the Yellow Sea. Repeated measurements over the SMA (box and inset) provided 1214 
vertical sampling of BC in the same location over the course of the campaign. The spirals over Taehwa Research 1215 
Forest were located at approximately 37.4°N and 127.6°E, approximately 30 km southeast of Seoul. 1216 

Figure 2. Last boundary layer position for air parcels observed during vertical sampling over the Taehwa 1217 
Research Forest derived from the Hysplit 5-day back trajectory analysis for each minute of flight data. The 1218 
size indicates the average rBC mass loading measured during that minute (larger size indicates higher observed 1219 
mass), and color indicates the pressure altitude at which that air parcel was observed. Regions used in the source-1220 
attribution analysis are shown.   1221 

Figure 3. BC tracer-tracer relationships by source region. Both rBC mass and average coating thickness for 4-6 1222 

fg rBC cores (shown as 60 s averages, with coating thickness indicated by color scale) associated with different 1223 

source regions indicate correlation with CO (characteristic of different combustion sources), CH3CN (indicative of 1224 

biomass burning/coal combustion), and CH2Cl2 (indicative of industrial sources). Distinct tracer-tracer relationships 1225 

were observed for different regions; filled circles indicate source attribution from last interaction with the boundary 1226 

layer and open circles from longest residence time (discussed in Section 2.2). The black line shows the best linear fit 1227 



Confidential manuscript in preparation for Journal of Geophysical Research: Atmospheres 

 

for the tracer-tracer relationship for that region, with the red dashed line showing the best linear fit for South Korea. 1228 

The value for the slope and its 95% confidence interval for the fit parameter are shown for each tracer-tracer 1229 

relationship, as well as the R2 value. L.R.T. is long range transport. 1230 

Figure 4. Observed black carbon mass mixing ratio (a), coating thickness (b), rBC mass median diameter (c), 1231 

and BC/CO slope (d) by meteorological period. Vertical profiles of rBC mass loadings, average coatings for 4-6 1232 

fg rBC cores, mass median diameter, and BC/CO slopes during sampling over Taehwa Research Forest 1233 

demonstrated variability at all observed altitudes. Vertical profiles from each spiral are shown as lighter dashed 1234 

lines, color-coded by their meteorological period (those not associated with a meteorological period are black). 1235 

Average vertical profiles for each meteorological period are shown as bolded, thicker lines and markers. For the rBC 1236 

mass median diameter, individual profiles are shown as dashed lines, with the size of the marker (hollow circle) 1237 

indicating the number of rBC particles measured in that layer. For the BC/CO slope, the size of the marker indicates 1238 

the correlation coefficient between BC and CO for that bin, with larger sizes indicating stronger correlation.  1239 

Figure 5. Regional contributions to vertically resolved black carbon concentrations for each meteorological 1240 
period. Relative contributions of source regions to BC mass loadings by altitude were determined from the 1241 
observations and the Hysplit back trajectory analysis for each meteorological period. The back trajectories 1242 
demonstrate significant fluctuations in source region over a relatively short time scale due to synoptic-scale 1243 
meteorology. The boundary layer contributions provided an upper limit on local influence; see discussion in Section 1244 
4.2. Horizontal light blue lines show the average (solid) and minimum and maximum (dashed) height of the 1245 
boundary layer during each meteorological period. 1246 

Figure 6. Regional contributions to vertically resolved black carbon observations. Left: Average campaign 1247 
vertical profile of rBC mass burden (solid black line and markers) and vertical dependence of normalized direct 1248 
radiative forcing (dashed black line) for observations over a rural site SE of Seoul (Taehwa Research Forest). Error 1249 
bars indicate 1 standard deviation (assuming measurements in each bin are Gaussian distributed and therefore are 1250 
only shown for the higher range on the log plot). Right: Relative contributions of source regions during KORUS-AQ 1251 
along with the BC radiative effect by height for each altitude bin (dashed-dotted black line), indicate where 1252 
contributions are most important for the total column direct radiative effect. Horizontal light blue lines show the 1253 
average (solid) and minimum and maximum (dashed) height of the boundary layer during the campaign. 1254 

Figure 7. Comparison of KORUS-AQ measurements to A-FORCE campaigns. Left: The spatial distribution of 1255 
vertical sampling periods is shown at their average latitude and longitude locations for KORUS-AQ, A-FORCE 1256 
2009, and A-FORCE 2013W. Right: Average rBC mass burden observed over the Yellow Sea (right) during the 1257 
spring/summer 2016 KORUS-AQ campaign (bolded red line and markers) was cleaner at higher altitudes than 1258 
observations during the A-FORCE 2009 campaign (spring 2009, bolded green lines and markers) and similar to A-1259 
FORCE W2013 (winter 2013, bolded blue lines and markers). The seasonally resolved regional NDRF over the 1260 
Yellow Sea is also shown (dashed lines, color-coded by season). 1261 
 1262 
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