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Sources and light absorption of water-soluble brown carbon aerosols

in the outflow from northern China
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Text
Back trajectories analysis

Five-day back trajectories (BTs) at heights 850m, 500m and 100m (a.g.l.) were generated for
every 6 hours during the GoPoEx campaign using NOAA HYSPLIT software v4
(http://www.arl.noaa.gov/ready/hysplit4.html). The BTs representing each sample (Fig. S1-3)

were grouped into five groups.

The Beijing group covers air masses passing over the Beijing region at low altitudes. This
group include the BTs of samples 1, partially 2, 5-7 and 16 collected on 8-9, 11-12 and 16
March 2011. 5-day BTs of this group originated from Mongolia, Russian Siberia to the south
of Lake Baikal or Nei Mongol province of China and then passed Nei Mongol, Heibei,
Tianjing, Shandong and partially Liaoning provinces of China, including Beijing area. BTs
dipped down to the surface level and subsequently rose to the levels 850m, 500m and 100m 1-
2 days before arriving to the Gosan station (Fig. S1). Sample 16 collected in the afternoon of
16 March represented air masses that had travelled slightly longer distance and is

characterized by higher wind speeds upon arrival at KCOG (Fig. S2).
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The Liaoning group starts on 9 March from sample 2, representing the transition from
Beijing group, and continues until 10 March including samples 3, 4 and also observed on the
21-22 March during the collection of sample 26. It had very similar BT origin and height
variation as Beijing group but the path of BTs did not cross Beijing area but rather passed

Liaoning province (Fig. S1, S3).

The Yellow Sea group includes air masses circulating at high altitude over Jeju Island region.
The group includes the BTs of samples 8, 9, 10 and 11 and partially 12 collected 12-15 March
2011 and samples 20, 21, 22 collected 18-20 March 2011. Initially, BT path for these samples
was similar to Beijing and Liaoning groups (Fig. S1-3). However, already 2-4 days back in
time the air masses reached the Yellow Sea coast and rise to the 850-900m, 500-600m or 100-
200m level at which they circulated until they reached Jeju Island. Sample 12 representss the
transition of air masses from the circulation above the Yellow sea at heights for more than 5
days to the outflow from Southern Siberia at the Chinese border through Nei Mongol, Jilin

and Liaoning provinces of China.

The Mongol group contains air masses that originate over Mongolia and the Nei Mongol
province in China. This relatively longer transport is characterized by higher wind speeds.
The Mongol group combines the BTs of samples 13, 14, 15, 17 and 18 collected 15-18 March
2011 (Fig. S2). The air masses during this period travelled the longest distance compared to

other trajectory groups.

The Korea group includes air masses passing over the Korean peninsula. It includes BTs of
samples 23, 24 and 25 collected during 20-21 March 2011 (Fig. S3). 5-day BTs started from
circulation at height above the Yellow Sea coast and dipped down to the ground level at the
Korean peninsula about one day before arrival to KCOG above the Yellow Sea at height of

600m.
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Selected samples for carbon isotope analysis

Ten sampling periods during the GoPoEXx were selected for carbon isotope analysis. Two
criteria were used to guide this selection: different source areas in China judging from BT
analysis and carbonaceous material loadings on the filters had to be enough for the isotope
analysis of the main carbon fractions. Samples number 1, 5, 6, 7, 11, 12, 13, 16, 20 and 26
were chosen for the analysis. The samples of Beijing group (1, 5, 6, and 7) had the highest
loadings. Samples 5, 6 and 7 represented the concentration peak in all carbonaceous fractions
(TC, WSOC, EC) (Fig. 2, Fig. S4). Sample 11 was from the Yellow Sea group. Sample 12
was characterized by the transition of the air masses from long circulation over the Yellow
Sea to the long-distance pathway through Russia, Mongolia and Nei Mongol province of
China (Mongol group). Sample 13 represented Mongol group and it was affected by dust.
Samplel6 had relatively high loadings of TC and WSOC, and BTs for the period of its
sampling were passing Beijing area. Sample 20 represented Yellow Sea group but BTs at
850m represented the most southern source areas in China (Shanxi, Henan, Anhui, Zhejiang
provinces) during the sampling campaign so that it can be influenced by different pollution
sources than other samples in this group. Sample 26 represented Liaoning group and was also

influenced by Asian dust episode and minor pollution plume.
Direct absorptive radiative forcing of WS-BrC relative to black carbon (BC)

The amount of solar energy absorbed by WS-BrC relative to elemental carbon (EC) is
estimated using a simplistic model. Elemental carbon (EC) is a common operationally-defined
estimate of black carbon (BC) — the most efficient light absorbing aerosol species. In this
model, the solar emission spectrum is approximated as a black body radiator using Planck’s

Law:

2hc?

10 (ﬂ.) = m (Sl)
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Where h is Planck’s constant, ¢ speed of light, k is the Boltzmann constant, T is the
temperature (T = 5778K for the Sun) and A is the wavelength. The wavelength-dependent
fraction sunlight absorbed by aerosol species X, where X is either BC or WS-BrC, is given by
combining the Lambert-Beer law with the wavelength-dependence of the MAC (given by

Equations (1) and (2) in the main text):

lo~! (maca ()"

Io

'CX'hABL>

ALX)=1-e (S2)

Where MAC,;, x is the mass absorption cross section at a given reference wavelength (Aows-
Brc = 365nm, Lopc = 520nm), AAEy is the absorption Angstrom exponent for X, hag, is the
height of the atmospheric boundary layer (ABL) and Cx is the concentration of of X.
Combining Equations (S1) and (S2) we can compute the fraction solar energy (f) absorbed by

WS-BrC relative to EC as:

Lo W2 Aws-Brcyar
Io

[ 16()8=(2,BC)az (S3)

The fraction f was computed using numerical integration (integration step 0.01nm, integration
interval 1 — 10000nm) using measured sample (filter) specific values for the concentrations of
WS-BrC and EC, and the optical properties of WS-BrC (MAC365 and AAE). The hag is set to
1000m, but has little influence on the computed ratio in the range of 200 — 3000m. The MAC
for EC is a matter of considerable debate. The MAC-values for EC depend on both the degree
and structure of the internal/external mixing of different aerosol constituents, and also on the
emission source (Cheng et al., 2011; Bond et al., 2006). Generally the MAC of EC is
increased due to internal mixing effects, but it is not clear how much this mixing would

increase the MAC of other absorbing aerosol components, i.e., BrC or dust. Here it is for
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simplicity assumed that any enhancements of MAC due to mixing effects are the same for EC

and WS-BrC.

For China, the MAC-values for EC span a range of values. Yang et al. reported MACssp ec =
9.5 m?/g values near Beijing (Yang et al., 2009), which are similar to the values by Cheng et
al. (2011), MACg3z2£c = 8.45+1.71 m%/g (winter) and 9.41+1.92 m%/g (summer), and Lan et al.
(2013) reported values of MACss; ec = 6.5+0.5 m?/g at an urban site in south China. Here we
used the value suggested by Chung et al. (2012), MACsxec = 5.6 m%g, derived for the
sampling site used during the GoPoEx (KCOG). However, a range of values (MACszpec = 4 -
12 m?/g) was also examined, to investigate the influence of this parameter (Fig. S5). The AAE

for EC was set to 1.

This simplistic estimate, which is similar to the approach of Kirchstetter and Thatcher (2012),
is based on several assumptions: AAE for WS-BrC measured at 330 — 400nm represents the
whole spectral range, the assumptions regarding MACsso and AAE for EC are reasonable, the
measurements at ground level represents the whole ABL, the solar light may be approximated
using a black body model, no effects of scattering (aerosols or cloud droplets) or size
distributions of aerosols are included. However, the rational for this calculation is not to
provide a precise estimate of the radiative forcing of WS-BrC per se, but to provide a first
field-observation-based relative estimate of WS-BrC vs BC in the outflow from N China,

emphasizing the need to consider WS-BrC sunlight absorption in climate models.

Error analysis and Monte Carlo based uncertainty estimates

The overall precision in the TOC and WSOC concentrations and isotopic signatures was
estimated considering the precision of concentration estimation (estimates from triplicate
analysis), mass contributions from field blanks (estimates from several blanks), as well as

precision of isotope characterization (instrument precision) and the isotope signature of the
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field blanks. To obtain the overall precision, these factors need to be combined using an error
propagation scheme. Here, this was implemented using a Monte Carlo strategy. In this
procedure, the uncertainty for each parameter (e.g., field blank concentration) was represented
by a normal distribution with zero mean and a standard deviation equal to the measured
uncertainty (Kirillova et al., 2013).

Independent random samplings from the distributions representing the data were performed
using an in-house written Matlab script. For each point, 10000 iterations of the random
sampling scheme were conducted, allowing all major combinations to be sampled. The
overall precision of a given parameter is estimated as the standard deviation for all 20000

computed solutions.

To account for the uncertainty in the fractional contributions of radiocarbon-extinct fossil fuel
sources vs contemporary biomass/biogenic sources the endmember variability was
incorporated in the assessment (Andersson, 2011). Fraction fossil (frsi) Was determined using

the isotopic mass balance equation:

AMCoampte= A Crossit®Frossirt A™*Chiomass* (1-Frossil) (S3)

where ACgampie is the measured radiocarbon content of a WSOC sample and A™Crogsit is -
1000%o. The A Cpiomass endmember is between +50%o and +225%o. The first value
corresponds to the A*C of contemporary CO, (Levin et al., 2010; Graven et al., 2012), and
thus freshly produced biomass. The second value is for the A™C of wood logged in the 1990s-
2000s (Zencak et al., 2007; Klinedinst and Currie, 1999). For East Asia biomass burning the
end-member value of +112%o have been estimated based on relative contribution from
contemporary (meaning one-year plants) biofuel and wood fuel. In the absence of such
detailed information and since the relative contributions to WSOC from biogenic secondary
organic aerosols (SOA) and from biomass burning primary organic aerosols (POA) and SOA

are not known a priori, they were here assumed to be of equal importance. Hence, the

6
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biogenic/biomass A*C endmember for WSOC was set to +81%., which is the mean value of

+50%o and +112%e.
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Table S1. GoPoEx TSP and PM2.5 aerosol filter samples with duration and attribution to

back trajectory groups.

Figure S1. NOAA HYSPLIT Back-Trajectories at heights 850m, 500m and 100m for
samples 1-9.

Figure S2. NOAA HYSPLIT Back-Trajectories at heights 850m, 500m and 100m for
samples 10-18.

Figure S3. NOAA HYSPLIT Back-Trajectories at heights 850m, 500m and 100m for
samples 20-26.

Figure S4. Concentrations of total carbon (TC) (panel A); fraction fossil of total organic
carbon (TOC) (panel B); stable carbon ratio in TOC (panel C) and water-soluble organic
carbon (WSOC) (panel D); Absorption Angstrém Exponents (AAE) for water-soluble brown
carbon (WS-BrC) during GoPoEx campaign (panel E).

Figure S5. Dependency of the relative radiative forcing WS-BrC/EC, calculated using
Equation (S3), on the value of MACs,0 ec. Two samples are depicted: sample 6 from the
Bejing pollution plume and sample 10 from the Yellow Sea back trajectory cluster, for two
size fractions (PM2s and TSP). The vertical line emphasize the value used in this paper
(MACsz0ec = 5.6 m?/g).

Figure S6. Normalized wavelength-dependence of the absorptive radiative forcing of water-

soluble brown carbon (WS-BrC, red) relative to black carbon (BC, black) for observation of

their light absorption in samples of the outflow originating in N China and intercepted during
GoPoEx computed using the model outlined in SI Text.

Figure S7. Concentrations of inorganic ions during GoPoEx campaign. Concentration of
sodium (panel A). Concentrations of estimated non-sea salt sulfate, potassium and calcium
and their relative fraction (as area plot for TSP and line plot for PM;5) of total measured
concentration (panels B-D).
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Table S1. GoPoEx TSP and PM2.5 aerosol filter samples with duration and attribution to

back trajectory groups.
umber| _ GTouP
rslsm&er | for accolgqu?g to Star:iﬁzrean Stoptilfnc;rean Start UTC Stop UTC
isotope .
analysis analysis
1 1 Beijing 3/8/2011 12:25 3/9/2011 6:04 3/8/2011 3:25| 3/8/2011 21:04
2 Beij./Liaon. 3/9/2011 7:17| 3/9/2011 20:52| 3/8/201122:17| 3/9/2011 11:52
3 Liaoning 3/9/2011 22:31| 3/10/2011 12:58| 3/9/201113:31| 3/10/2011 3:58
4 Liaoning 3/10/2011 13:42| 3/10/2011 21:10| 3/10/2011 4:42| 3/10/2011 12:10
5 2 Beijing 3/10/2011 21:47| 3/11/2011 9:02| 3/10/2011 12:47| 3/11/2011 0:02
6 3 Beijing 3/11/2011 9:27| 3/11/2011 18:33| 3/11/2011 0:27| 3/11/2011 9:33
7 4| Beijing 3/11/2011 19:08| 3/12/2011 6:02| 3/11/2011 10:08| 3/11/2011 21:02
8 Yellow Sea 3/12/2011 6:29| 3/12/2011 21:15| 3/11/2011 21:29| 3/12/2011 12:15
9 Yellow Sea | 3/12/201121:43| 3/13/20119:14| 3/12/2011 12:43| 3/13/2011 0:14
10 Yellow Sea 3/13/2011 9:41| 3/14/20116:06| 3/13/2011 0:41| 3/13/2011 21:06
11 5| Yellow Sea 3/14/2011 6:43 | 3/14/2011 20:14 | 3/13/2011 21:43| 3/14/2011 11:14
12 6|Y.Sea/Mong. | 3/14/2011 20:33| 3/15/2011 4:37| 3/14/2011 11:33| 3/14/2011 19:37
13 7| Mongol 3/15/2011 5:01| 3/15/2011 13:25| 3/14/2011 20:01| 3/15/2011 4:25
14 Mongol 3/15/2011 13:53| 3/16/2011 0:31| 3/15/2011 4:53| 3/15/2011 15:31
15 Mongol 3/16/2011 0:43 | 3/16/2011 13:28| 3/15/2011 15:43| 3/16/2011 4:28
16 8 Beiging 3/16/2011 13:47| 3/16/2011 22:41| 3/16/2011 4:47| 3/16/2011 13:41
17 Mongol 3/16/2011 22:50 | 3/17/2011 22:55| 3/16/2011 13:50| 3/17/2011 13:55
18 Mongol 3/17/2011 23:03 | 3/18/2011 10:09| 3/17/2011 14:03| 3/18/2011 1:09
19 3/18/2011 10:31 | Pump failure 3/18/2011 1:31| Pump failure
20 9| Yellow Sea 3/19/2011 5:16| 3/19/2011 18:00| 3/18/2011 20:16| 3/19/2011 9:00
21 Yellow Sea | 3/19/2011 18:56| 3/20/2011 13:32| 3/19/20119:56| 3/20/2011 4:32
22 Yellow Sea | 3/20/2011 14:00| 3/20/2011 21:50| 3/20/2011 5:00| 3/20/2011 12:50
23 Korea 3/20/2011 21:58 | 3/21/2011 1:46| 3/20/2011 12:58| 3/20/2011 16:46
24 Korea 3/21/2011 1:57 | 3/21/2011 12:49| 3/20/2011 16:57| 3/21/2011 3:49
25 Korea 3/21/2011 12:59 | 3/21/2011 20:24| 3/21/2011 3:59| 3/21/2011 11:24
26 10| Liaoning 3/21/2011 20:32| 3/22/20115:29| 3/21/2011 11:32| 3/21/2011 20:29

10
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217  Figure S2 NOAA HYSPLIT Back-Trajectories at heights 850m, 500m and 100m for samples
218 10-18.
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Figure S7. Concentrations of inorganic ions during GoPoEx campaign. Concentration of

sodium (panel A). Concentrations of estimated non-sea salt sulfate, potassium and calcium

and their relative fraction (as area plot for TSP and line plot for PM ) of total measured

concentration (panels B-D).
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