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1. Calibration details for measurements employed in this study:  
 

A. CAMS CH2O and C2H6 Calibration and Zeroing:  

The CAMS instrument was calibrated for CH2O and C2H6 employing the fundamental 

principle of direct infrared absorption employing the Beer-Lambert Absorption Law. In this 

approach the mid-IR lasers are swept across the entire CH2O and C2H6 absorption features of 

interest and include sufficient baselines on both sides of the absorptions. The calibration gas 

concentrations from compressed gas cylinders (CH2O: Air Liquide, 5.4 ppm/air nominal; C2H6 

Scott Marrin, 4.87 ppm/air nominal) are measured before each flight employing direct absorption 

spectroscopy for both gases. In some cases calibration standards are measured during flight as 

well. The resulting 2nd harmonic signals from these standards are stored in memory and used as a 

calibration reference.  

In the direct absorption approach, the laser transmitted (I) and incident (I0) intensities at both 

absorption features are measured along with the absorption pathlength (L), temperature and 

pressure. These values are employed with known spectroscopic parameters of absorption cross 
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section at linecenter (σ) and broadening coefficients in the Beer-Lambert Absorption Law in 

solving for the calibration standard concentrations (C):  

I = I0 e-(σ N C L) 

The linecenter absorption cross sections are derived from the integrated cross sections at the 

measured pressure and temperature employing the appropriate broadening coefficients. In this 

expression N is the number density at the measured cell pressure and temperature. The absolute 

accuracy of this approach has been further verified for CH2O employing multiple methods (Gilpin 

et al., 1997), including: gravimetric methods employing permeation tubes; comparisons with 

Henry’s Law standards; cartridge absorption followed by derivatizing and HPLC measurements; 

and more recently employing oxidative conversion of  CH2O to CO2 followed by high precision 

CO2 measurements (Veres et al., 2010). Such multiple/absolute calibration methods, which 

represents an important strength of our measurement approach, shows agreement to within ± 6% 

for various CH2O standards, and we therefore estimate our CH2O measurement accuracy (1σ level) 

at ± 6%. Likewise, comparisons of C2H6 direct absorption measurements with various C2H6 

compressed gas standards from Scott Marrin Incorporated, NOAA, and standards tied to global 

VOC programs vis-à-vis comparisons with standards from the INSTAAR Atmospheric Research 

Laboratory of D. Helmig revealed agreement to 4.5%.  However, comparisons of our 1-second 

airborne C2H6 ambient air measurements (averaged over the WAS sampling time base) with WAS 

measurements over the entire KORUS-AQ campaign revealed much closer agreement to within 

1.9% (slope of CAMS/WAS = 0.981 ± 0.004, r2 = 0.97, n = 2477;  see Simpson et al., 2020 Fig. 

S2). Such agreement is an important factor in our efforts to estimate top-down VOC emission 

fluxes from the Daesan complex using the WAS measurements. After considering additional 

factors involved in our C2H6 calibrations, we conservatively assign a measurement accuracy of ± 

5% to our ethane measurements.  

Another important aspect affecting measurement accuracy is the acquisition of frequent 

backgrounds.  In the CAMS instrument, we generate air scrubbed of CH2O and C2H6 (zero air) via 

a pair of onboard scrubbers mounted in series, a heated Pd/Al2O3 catalytic converter (380 ºC) 

followed by a low temperature tin-oxide converter. Extensive laboratory tests have shown 

complete removal of CH2O and near complete removal of C2H6. Such zero air is periodically 

introduced back into the inlet a few cm from the inlet entrance via the same port employed in our 

calibrations every 5 -10 minutes. The zero air overflows the inlet by ~ 1- 2 slm. To ensure complete 
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removal of any residual standards in this zero air/calibration introduction path, ~ 0.2 to 0.3-slm of 

flow continuously draws back on this path when the standards are switched out via solenoid valves 

(see Fig. 7 of Richter et al., 2015). The frequent zero air spectra thus acquired, which is subtracted 

from the ambient spectra, effectively captures laser optical noise as well as inlet line/sample cell 

outgassing. Even though our 2f harmonic sweep integration detection measures background off-

line absorbance, we find that chemically zeroing via introduction of zero air to nearly the entire 

inlet/sampling system is particularly important for CH2O, as sample path outgassing can affect 

measurement accuracy after passage through large plumes. Weak (~2%) methanol features affect 

both the CH2O and C2H6 spectral regions, but these interferences have been removed employing 

PTRMS methanol measurements in conjunction with laboratory determinations of the methanol 

interferences. 

B. WAS VOC, DACOM, and PTR-MS Measurements (See Table S-1 of Simpson et al., 
2020 for more details) 
 

Group Compound(s) 
Standard 
source 

Acquisition 
date Mole fraction 

CAMS Formaldehyde Air Liquide Not Applicable 5.4 ppm 
CAMS Ethane Scott-Marrin Not Applicable 4.87 ppm 
DACOM CO (low) Scott-Marrin 2016 153.9 ppb 
DACOM CO (mid) Scott-Marrin 2016 240.4 ppb 
DACOM CO (mid) Scott-Marrin 2016 245.6 ppb 
DACOM CO (high) Scott-Marrin 2016 496.6 ppb 
DACOM CO (ultra-high) Scott-Marrin 2016 10.05 ppm 
PTRMS 11 hydrocarbons Apel-Reimer 2016 5 ppbv 
WAS  Propane NBS 1978 0.99 ppmv 
WAS  67 VOCs Scott-Marrin 2004 1 ppmv 
WAS (Pontoon 
A) Spiked whole air UCI 1991 0.5-10 ppbv 
WAS (Pontoon 
B) Spiked whole air UCI 1996 0.3-8 ppbv 
WAS (Pontoon 
C) Spiked whole air UCI 1999 0.2-4 ppbv 
WAS (Pontoon 
D)  Spiked whole air  UCI 2016 0.5-5 ppbv 

GT CIMS  SO2 
GT in House 

Prepared 2016 1.1 ppm 34SO2 
 
In the WAS canisters tests indicate that nothing grows/depletes at a significant level in the short 
time between sampling and analysis. 
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PTRMS mole fractions: 1044 ppbv of benzene; 1006 ppbv of toluene (accuracy: +/- 5%; 
dynamically diluted to ppbv levels)calibration frequency: 3-5 times per flight day (stable 
instrumental response over the whole campaign). No ozone scrubber. Benzene and toluene are not 
affected by ozone. 
 
GT CIMS: No ozone interference  
 
2. Discussion of Appropriate DC-8 Wind Vectors to Employ, Figure S1, Table S1 

Figure S1 displays the DC-8 derived inertial navigation wind measurements for the mid-

morning June 5, 2016 Daesan flight focusing on Plume 3. As can be seen by the extreme cases in 

the dark shaded regions at both ends of the time history, both the derived wind direction and speed 

dramatically change in response to large changes in aircraft heading and roll, especially in the case 

of light winds. Although these effects have been well documented for the DC-8, it is important to 

reemphasize these effects here, as erroneously derived winds from the DC-8 as well as other 

aircraft can have a dramatic effect on the results. To minimize these effects, we have identified 

straight and level flight legs as well as periods where the aircraft heading does not undergo large 

discontinuities (i.e., tight turns) and changes in roll angle are kept to a minimum in the 

determination of wind vectors. Figure S1 shows one example of this analysis in connection with 

plumes on June 5. Here we show 3 periods in close proximity in time to Plume 3 where the aircraft 

perturbations have minimal effect on the derived wind vectors, and from these we derive an 

averaged wind direction and speed of  71º ± 14º, 4.5 ± 0.7 m/s, employed in our analysis of Plumes 

3 & 1. This wind vector is schematically shown by the large black arrow in Fig. 5c. In all cases, 

we support these determinations of wind direction, wind speed, and the constancy of both 

employing multiple FLEXPART back trajectories using NCEP GFS analysis over the regions of 

interest, which encompasses the inflow and outflow periods. In all cases, the derived FLEXPART 

wind directions and speeds are constant over the inflow and outflow periods for all 3 analysis dates 

(June 2, June 3, and June 5) to within 5%, and these results furthermore agree with the select DC-

8 wind vector measurements employing the methods described above to within the estimated 

systematic limits for these measurements listed in Table S1. The wind vector uncertainty estimates 

listed here are conservative upper bounds during level flight legs and are based upon specifications 

for the associated DC-8 probes as well as comparisons with the NASA Ames Research Center 

Meteorological Measurement System (MMS) during other missions. The estimates for the other 

variables were derived from probe specifications.  
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Table S1: Systematic uncertainty estimates (1σ) from the DC-8 probes used in the total uncertainty 
estimates.  

Parameter Systematic Uncertainty Estimates 

Aircraft Heading ± 0.1 degree  

Aircraft Ground Speed ± 0.015m/s 

Radar Altitude  ± 0.61 m ± 2% of measurement 

Wind Speed (ⱱ) ± 1 m/s 

Wind Direction (WND) ± 30* degree at ⱱ  ≤ 2 m/s,  

± 15* for greater ⱱ values  

Air Temperature ± 0.3 degree k 

Air Pressure ± 1.0 hPa 
*Estimated  upper limit 

 

 

 

 
 
Figure S1: June 5, 2016 DC-8 derived inertial navigation measurements of wind direction (solid black line) and speed 
(red line) and their dependence on aircraft heading (blue line) and roll (dashed black line) over the Daesan region 
shown in Fig. 5a & 5b. For reference the Plume 3 time period is shown along with 3 periods employed in the 
determination of the average wind direction and speed  (71º ± 14º, 4.5 ± 0.7 m/s) shown in Fig. 5c. During these 3 
periods the aircraft perturbations have minimal effect on the wind vectors, in contrast to the two periods on both ends.  
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3. Discussion of Uniform Mixing from the Surface to 0.43-km for Daesan Plumes on June 

3, 2016 & Figures S2 & S3  
 

Figure S2 displays flight tracks over the Daesan facility colored and sized by CH2O on June 3, 

2016. A subsequent section will provide more details regarding our top-down analysis of plumes 

labeled 3 & 4 shown in this plot. In this discussion, we instead focus our attention on the two 

airborne legs just south of Daesan, the extents for which are highlighted by the large open blue 

circles. The 1st leg with larger blue circles is in close proximity to the Korean National Institute of 

Environmental Research (NIER) site, designated by the ⧖ symbol. We designate this leg as the 

“Closest Ring from NIER”, and the 2nd as the “Second Ring from NIER” in Fig. S3. The NIER 

site provided ground-based measurements of SO2 and NO2 in 5-minute intervals, and fortunately 

on this day despite the steady prevailing winds from the 194º direction (to be discussed), the 

instruments at this site sampled a small portion of the close proximity Daesan plume at the surface. 

Likewise, the DC-8 sampled this same outflow plume on the two close-by NIER flight legs at 

different altitudes from 0.26-km to 0.43-km.  

Figure S3 shows a plot of the SO2 and NO2 measurements acquired on the DC-8 and how they 

compare with the NIER surface measurements. Even though the ground-based measurements 

report data in 5-minute intervals, the airborne overflight measurements near this sampling site 

reflect Daesan emissions over a much larger time window. For this purpose, we compare the 

airborne measurements of these two gases, averaged over 0.025 to 0.050-km radar altitude bins, 

with ground-based measurements averaged over two different assumed time windows of ± 30-

minutes and ± 1-hour of the aircraft over-flight closest approach. These values represent our best 

estimate of the time range for dispersal of a plume horizontally over the aircraft sampling window, 

taking into account wind speed, aircraft speed, and the airborne sampling time windows. Figure 

S3 displays both ground-based averages with their ± 1σ values for SO2 (left panel) and NO2 (right 

panel). Although there is large scatter in the aircraft measurements due to horizontal heterogeneity, 

the altitude-binned averages all fall within the ground-based envelope for both assumed time 

windows for both gases. 
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Figure S2:  June 3, 2016 Daesan outfow measurements in same format as Fig. 5c. As in previous figures, the largest 
individual VOC emission sources are denoted by the filled black circles sized by their yearly emissions in MT/year. 
The CH2O measurements are colored and sized by the CH2O concentrations. A version of this figure is also reproduced 
in the main article as Fig. 7a, as that discussion focuses on a different aspect of the analysis. The  ⧖	designates the 
location of the ground-based (GB) sampling site operated by the Korean National Institute of Environmental Research 
(NIER), where 5-min. measurements of SO2 and NO2, to name a few gases, were acquired and compared with DC-8 
measurements. The DC-8 flight leg bounds closest approach to this sampling site are indicated by the large open blue 
points, and are labeled “Closest Ring from NIER” in S3. The smaller open blue points designate DC-8 measurements 
acquired further away at higher altitudes are labeled “2nd Ring from NIER” in Fig. S3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

37.10

37.05

37.00

36.95

36.90

La
tit

ud
e

126.45126.40126.35 Longitude

Daesan Complex

35302520151050
[CH2O ppb] 

 Sized by VOC Emission Inventory
 Plumes 3 & 4 Bounds
 NIER Ground-Based (GB) Site
 DC8-NIER Sampling Region Bounds

Friday June 3, 2016 Local

3

4

NIER GB Site 

Average Wind 
    Direction
Plumes 3 & 4

3

3, 4

4



 9 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3: Comparison of NEIR ground-based SO2 and NO2 measurements with those from the DC-8 at various 
altitudes. Two different averaging windows were applied to the ground-based measurements to reflect estimates of 
plume extent sampled by the aircraft. The ground-based measurements are the mean with their  ±1 σ values, while the 
aircraft measurements are the binned mean (bin width = 0.025 to 0.050-km). with their corresponding ±1 σ values. 
The pairs of ground-based measurements are offset vertically to visualize. 
 
4. Discussion of Alkene-hydroxynitrate Measurements, Estimates of Lower Limit for 

Photochemically-Produced CH2O and Linear Correlations with Measured CH2O, 
Figures S4, and S5, Table S2 

 
A lower limit for the  CH2O photochemically produced was estimated from the alkene-

hydroxynitrate sum employing the analysis of Teng et al. (2015) as illustrated in Fig. S4 using 

quantum yields and branching ratios in Table S2. 

 

Table S2: Alkene-hydroxynitrates (AHNs) measured by the CIT CIMS instrument employed in 
assessing CH2O photochemically produced. The γ and α terms, which are from Teng et al. (2015), 
are the CH2O quantum yield and the oxidation branching ratio, respectively. These terms are 
further discussed in Section 5.4.  
 

AHNs Measured γ α 
Ethene 2 0.022 
Propene 1 0.044 
Butene 1 0.12 

1,3-Butadiene 1 0.10 
Isoprene 1 0.13 
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Figure S4: Schematic of alkene-hydroxynitrate formation from the OH oxidation of various alkenes and how these 
are used in determining CH2O photochemically produced.  
 
 

Figures S5 shows the linear regression of  CH2O photochemically-produced ([CH2O]PC) from 

the sum of the alkene-hydroxynitrate measurements versus CH2O directly measured from the 

CAMS instrument for Daesan plumes on June 2, 2016. Two regression plots are shown: 1) one for 

the entire Daesan sampling region shown on the map of Fig. S9 (to be discussed), as indicated by 

the filled black circles and the corresponding black regression line; and 2) one for measurements 

directly over Daesan, as indicated by the blue circular points surrounding the black points and the 

corresponding blue regression line. The entire region yields a slope of 63% ± 0.5% with an r2 value 

of 0.96 and this compares to a nearly identical slope of 62% ± 2% with an r2 value of 0.93 for 

points directly over Daesan. Both represent lower limits for CH2O photochemically produced since 

only 6 alkene-hydroxynitrates are included in this analysis and some of the oxidation products like 

1,3-budadiene are highly reactive and most likely represent lower limits from the CIT CIMS 

instrument. One minus these percentages of 37% to 38% provides an upper limit estimate to 

directly emitted CH2O. The X-intercepts (Yintercept/slope) from these plots further provide a 

measure of the background CH2O in the absence of production, and as shown, yield values of 1.6 

to 1.7 ppb, which fall within typical background CH2O values measured in 1-5 ppb range over this 

region. This provides a sanity check for this approach. The nearly identical slopes between 
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measurements directly over Daesan and over the entire Daesan region further indicates the 

prevalence of photochemically-produced CH2O, even close to the Daesan emission sources. 

Hence, air directly over Daesan are highly processed. By contrast, directly emitted CH2O, as 

shown by the yellow fire plume intercept points on June 5 over central Korea, yields significantly 

different slope and intercept values. In this case, the directly emitted fire plume slope of 4% ± 

0.5% is largely independent of the CH2O alkene-hydroxynitrate sum estimate. In fact, one may be 

able to explore different photochemical production slopes as a means to distinguish air masses 

from different facilities. For facility of discussion, throughout the rest of this paper we refer to the 

derived slope from this linear regression relationship as the AHN-CH2O slope. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure S5: Linear regression plots of [CH2O]PC (Eq. 5), versus directly measured CH2O from the CAMS instrument 
for data acquired directly over Daesan (blue circles surrounding black points and corresponding blue regression line) 
and over the entire Daesan region of Fig. S9 (black points and black regression line). The yellow points were acquired 
over central Korea in a fire plume. 
 

5. More In-Depth Examination of Daesan Plumes 3 & 1 on June 5, Figures S6 and S7  
 
An expanded view of the Daesan time series for Plumes 3 and 1 on June 5 from Fig. 5a and 5b 

is displayed in Fig. S6. This plot reveals two important features not readily observable in our lower 

resolution plots, and these features may be reflective of missing reactive VOC sources. The two 
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features are: 1) the CAMS C2H6 (red trace) and GIT SO2 (black trace) peaks that precede the onset 

of the CO, CH2O, and [CH2O]PC peaks (blue green trace) in Shaded region A; and 2) the CAMS 

CH2O feature that remains elevated at and above 9 ppb while values for C2H6, SO2, and benzene 

all drop throughout the rest of Segment A. After an initial increase, the CO levels (dark gray 

profile) drop and remain relatively constant throughout the remaining plume after about 10:50.  

The 1st observation, the onset of the highly correlated enhancements for CAMS C2H6 and GIT 

SO2 (r2 = 0.98) that precede the other features are also reflected in the elevated CFs relative to the 

other 4 tracers in Table 3. This makes sense since the CFs represent the ratio of the emission rates 

over the entire plume relative to the sum of Sections A & B here, and the faster onset of C2H6 and 

SO2 contribute more to the numerator values and hence the higher CFs. The CO time series trace 

(gray trace) and CH2O (blue trace) do not show the same peak in this region but a steady increase 

until correlated features are observed in Section A. This behavior is perhaps suggestive of the 

prevalence of direct emissions of C2H6 and SO2 in the region preceding Segment A and to a lesser 

extent combustion. Fig S7 shows the spatial region highlighted in the yellow rectangle where these 

measurements were acquired. Fig. S7 is a reproduction of Fig. 5c, only with flight track points 

colored and sized by C2H6. We highlight this spatial region, which centers around the northwestern 

part of the Daesan facility, since this is a region where enhanced C2H6 as well as enhancements of 

other VOCs have consistency been observed in our airborne KORUS-AQ measurements. The 

derived AHN-CH2O slope for this region preceding Segment A is 46% ± 4% (r2 = 0.90) also 

suggests CH2O photochemical production.   

The 2nd observation relates to the persistence of elevated CH2O at levels at and above 9 ppb in 

the presence of dropping values for C2H6, SO2, and benzene throughout the rest of Segment A 

starting at 10:49:51. After this time, the CO levels remained relatively constant at 334 ± 8 ppb. 

The derived AHN-CH2O slope in Segment A prior to the drop at 10:49:51 is 42% ± 2% (r2 = 0.91) 

compared to values of 48% ± 4% (r2 = 0.82) after the drop until the end of Plume 3. The slope for 

the entire Plume 3 is 44% ± 2% (r2 = 0.86).  Similar behavior is observed in Plume 1. Here we 

obtain a slope of 49 % ± 3% (r2 = 0.81) for the entire Plume 1 period. This persistence in elevated 

CH2O throughout Plumes 3 & 1 in the presence of decreased ethane, benzene, toluene, and SO2   

can arise from one of two causes: 1) the prevalence of photochemically aged air; and/or 2) 

additional reactive organic CH2O precursors that are not captured by the present alkene-

hydroxynitrates measurements. The fact that we observe very similar AHN-CH2O slopes 
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throughout these plumes within their mutual precisions is suggestive of missing reactive VOC 

sources that are not captured by our analysis. Hence, our results for June 5 in all likelihood 

represent lower limits for our top-down VOC estimates. Of the three days studied, this is the only 

day revealing this behavior. 

 
Figure S6: Expanded time series plot of Fig. 5a & 5b for the June 5 Plumes 3 and 1 for the 6 continuous tracers plus 
CH2O from AHN Sum (alkene-hydroxynitrates) [CH2O]PC (See Eq. 5 in manuscript). The individual time profiles 
have been shifted to ensure co-alignment of sharp features, which takes into account different instrument lag times. 
The two background periods have been eliminated here for clarity.  
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Figure S7: Daesan June 5 flight tracks in the same format as Fig. 5c only the sampling points here are colored and 
sized by the CAMS C2H6.  The highlighted section in the yellow rectangle denotes the sampling region in Fig. S6 
preceding Segment A in Plume 3.   
 

A third feature of interest in the examination of the time series in Fig. S6, is the ratio for the 

various top-down emission rates between Plume 1 and Plume 3. The derived top-down emission 

rates for the VOC sum as well as CH2O and its 4 precursors are ~ 1.5 times higher for Daesan 

Plume 1 compared to Plume 3, whereas the SO2 emission rates are nearly equivalent in the two 

plumes, despite different temporal profiles. We further investigate here if differences in Plume 3 

and Plume 1 sources regions could explain these observations. As can be seen in Fig. S7, Plume 3 

was acquired ~ 0.8-km downwind of the western edge of the Daesan complex and ~ 7.2-km 

downwind of the largest VOC emission source(s) from the bottom-up inventory (36.996º N 

latitude, 126.407º longitude), which is highlighted by the text call out. By contrast, part of Plume 

1 was acquired right over the Daesan complex, and thus one could argue that this particular flight 

track was less amenable to the mass balance approach than the other 4 plumes of this study if the 

emission sources originated strictly from facility components directly beneath the DC-8 overpass 

instead of upwind of the flight track. However, as can be seen by examining the instantaneous June 

5 emission rates in Table 5, the Daesan emission estimates for CH2O, SO2, C2H6, and toluene as 

well as a number of other gases between Plumes 3 and 1 are nearly comparable. This would not 

be the case if the mass balance approach was invalid for Plume 1.  Likewise, the similar results for 

these gases also refutes the argument that Plume 3 is spatially missing part of the emissions plume 
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captured by Plume 1. What cannot be readily explained, however, are significant differences in the 

resulting mass balance emission rates for other gases tabulated in Table 5 for the June 5 plumes. 

As can be seen, inspection of this table reveals Plume 1/Plume 3 June 5 emission ratios ranging 

between 1.4 (ethene), 1.8 (propene), 2.1 (1-butene) to 2.3 (1,3-butadiene). The factor of ~ 1.5 in 

the emission ratio for CH2O and its 4 precursors is solely driven by these 4 alkene precursors.   

The simple argument explaining these differences from additional photochemical decay of 

these constituents in Plume 3 relative to Plume 1 is not consistent with the similar  AHN-CH2O 

slopes and with processing times (t) estimated from the ratio of the alkene-hydroxynitrate mixing 

ratios [AHN] to that of the parent alkene [Alkene] from Eq. (S1) below. For this purpose, we 

applied equation (3) in Perring et al. (2010), which relates the production of a daughter alkylnitrate 

to its parent hydrocarbon, to the production of ethene-hydroxynitrate (EHN) from ethene and of 

propene-hydroxynitrate (PHN) from propene in our case. 

 

                                                 

       

    (S1) 

 

 

In this equation the terms kA and kB are the product of the OH reaction rates for the AHN 

production rate from the parent alkene and the destruction of the resulting alkene-hydroxynitrate, 

respectively, times the OH mixing ratio, and α is the branching ratio for the production of AHN 

listed in Table S2. The reaction rates are taken from those published in Teng et al. (2015) and 

references therein at 293k and 993 mb. 

For ethene:   

kA =k(OH + ethene)*[OH] = (8.5x10-12 cm3 molecule-1 s-1)*[OH] 

kB = k(OH+ EHN)*[OH]   = (3.0x10-12 cm3 molecule-1 s-1)*[OH], 

For propene:  

kA =k(OH + propene)*[OH] = (2.6x10-11 cm3 molecule-1 s-1)*[OH] 

kB = k(OH+ PHN)*[OH]   = (6.0x10-12 cm3 molecule-1 s-1)*[OH] 
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Employing OH mixing ratios measured from the ATHOS instrument averaged over Plume 1 (3.3 

x106 molecules cm3) and over Plume 3 (5.3 x 106 molecules cm-3) and the ratios of the AHN 

mixing ratios to the corresponding alkene parent, we determined photochemical processing times 

of 18 to 26 minutes for propene and ethene, respectively in both plumes. It is interesting to note 

that these processing times for Plume 3 fall within the range of 20 to 28 min calculated from the 

start and end points of Plume 3 to the location of the largest VOC emission source(s) from the 

bottom-up inventory (36.996º N latitude, 126.407º  longitude) divided by the average wind speed 

of 4.5 ± 0.7 m/s. The maximum CH2O mixing ratio was observed at a processing time of 26.7 ± 4 

min from this VOC source. Likewise for Plume 1, we arrive at a spread of processing times ranging 

between 14 and 21 minutes for the limits of this plume and a time of 18.8 ± 2.9 min for the 

maximum CH2O to the largest VOC emission source from the bottom-up inventory. Clearly this 

large VOC emission source region from the bottom-up inventory is primarily involved in both 

Plumes 3 and 1 observations and differences in the decay of the parent alkenes between the two 

plumes cannot explain our observations. However, because of the large heterogeneity of Daesan 

emissions, we cannot rule out additional contributions from other Daesan source regions and the 

fact that the various emissions may not be co-located. These various possibilities, which may 

provide an explanation for the disparities between Plume 1 and Plume 3 results, again may reflect 

the fact that our VOC and CH2O emission estimates from the additional plumes of this study may 

be lower limits.  

6. Thursday June 2 Mid-Morning Daesan Plume 4, Discussion and Fig. S8, S9 

Figures S8 and S9 display the June 2 Daesan time series and flight tracks in the same format 

as Fig 5 for June 5. As can be seen, the wind direction on this day carried the Daesan emissions to 

the north-east.  
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Figure S8: June 2 time profiles of CH2O from the CAMS instrument (blue) and [CH2O]PC from the CIT instrument 
(Shifted by +1second, blue green, Eq. 5 in manuscript). This is in same format as Fig. 5a. The shaded region indicates 
the full plume analyzed, the end points of which are highlighted on the map by the open black circles in Fig. S9.  
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Figure S9: June 2 flight Daesan flight tracks colored and sized by CH2O in the same format as Fig. 5c. The dark black 
arrow indicates the average wind direction and speed of 234º ± 10º and 2.7 ± 0.9 m/s, determined from the procedures 
previously discussed. The lower extent of Plume 4 is highlighted by the open black circle. We  highlight two different 
upper extents by the open black triangle and the open black circle at the top.  The flight track from the lower open 
black circle to the open black triangle encompasses all of Section B and extends the length of the line with the double 
arrow in Fig. S8, while the flight track from the lower black circle to the top black circle reflects the full plume also 
analyzed and highlighted by the entire shaded region of Fig. S8. 
 

From these two figures one can identify many different plumes with different plume extents 

for analysis. To be conservative, we selected what we label as Plume 4 in these figures. Here, the 

flight track at the beginning and end of this plume (highlighted by the open black circles in Fig. 

S9) is nearly normal to the prevailing wind direction while in the middle it is nearly parallel. The 

Plume 4 extents are further highlighted by the entire gray shaded region spanning Segments A and 

B in Fig. S8. Extending Plume Segment B out to 11:44:23 to fully capture the additional CH2O, 

and C2H6 shown in Fig. S8 would add a flight segment upwind of the largest Daesan emission 

source instead of downstream. This segment, furthermore, would not add that much to the total 

top-down emission rates since the cos(θ) term for this segment reduces to 0.40 from the full plume 

value of 0.76. However, a more important issue in analyzing this plume is the proper selection for 

the upper plume extent. Limiting our analysis to the region nearly normal to the wind direction in 

Fig. S9 (open black circle to open black triangle), which is further highlighted by the line with 

double arrows spanning all of Segment B up to the end of Segment A in Fig. S8, would cut out a 
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large portion of Plume 4 but would increase the cos(θ) term from the full plume value of 0.76 to 

0.90. Nevertheless, we present yearly extrapolated results in Table 6 for the entire Plume 4 

(hereafter referred to as full plume, black circle to black circle extents in Fig. S9) as well as the 

narrower region (hereafter referred to as restricted plume) defined by the line with the double arrow 

(and the black circle to black triangle extents in Fig. S9) to show the sensitivity in properly 

selecting the plume extents.  

As can be seen in Table 6, the full plume relative to the restricted plume results in increases of 

~ 26%, ~ 17 %, and ~ 62% for the VOC sum, CH2O plus precursors, and SO2, respectively. The 

largest difference, which is observed for SO2, reflects significant enhancements in measured SO2 

in the region prior to Segment A in Fig. S8 (not shown in this figure to maintain clarity) at times 

around 11:41:52 when the measured CH2O levels attained a value of 19.6 ppb. The average and 

peak SO2 values in this region are 26.8 ± 12.2 ppb and 51.2 ppb, respectively. These enhanced SO2 

measurements occurred close to the top of the upper outflow extent (upper open black circle) in 

Fig. S9. Identifying the specific Daesan facility location responsible for these enhancements is 

beyond the scope of this study.    

7. Summary and Discussion of Yearly Daesan Emission Rates for VOC Sum, CH2O + 4 
Precursors, SO2, Fig. S10, S11, S12 

 
Figures S10-S12 plot the individual top-down Daesan emission fluxes, including the restricted 

plume on June 2 for completeness. These results are based on the results in Table 6, and the error 

bars for each determination represent the 1σ total uncertainty.  Figure S10 plots the individual top-

down Daesan determinations for the VOC sum and the inventory value, while Fig. S11 plots this 

for CH2O and its 4 precursors. Figure S12 plots this for SO2.  
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Figure S10: Top-down total VOC yearly emission estimates from Table 6 along with 1σ total uncertainty estimates 
for each plume and comparison with the bottom-up inventory (Inventory). 
 

Calculating the mean and standard deviation for all 6 top-down determinations for the VOC 

sum, we arrive at rounded values of (61 ± 14) x 103 MT/year. The unrounded values are 61,355 ± 

13,691 MT/year, the (1σ level) standard deviation for which represents the ensemble measurement 

precision without consideration of the daily total uncertainty estimates. Calculating the average 

total uncertainty in the VOC sum, we arrive at an unrounded value of 27,751 MT/year. Assuming 

that this value is reflective of 3 independent daily measurement sets, representing independent 

measurements for the largest systematic terms, the wind speed and wind direction, one arrives at 

an averaged standard error for the total uncertainty of 27,751/(3)1/2 = 16,022 MT/year. For facility 

of discussion, we henceforth refer to this as the standard error uncertainty (SEU). The value of 3 

independent measurement sets instead of 6 arises from the fact that the wind speeds and wind 

directions employed in the mass balance calculations are identical for measurements carried out 

on a given day.  The SEU is close to the above ensemble measurement precision, determined by 

the standard deviation of the mean, as expected. In the limit of a significantly larger data set of 

independent daily measurements, the SEU would approach the standard deviation of the mean. 

The quadrature addition of the above random term of 13,691 with this total 16,022 term yields a 

total uncertainty in the ensemble average of 21,075 MT/year for the top-down VOC sum. This is 

actually an upper limit, since in this limited data set of independent measurements, the random 
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measurement component was accounted for in both the ensemble standard deviation and the daily 

uncertainties. Nevertheless, our present quadrature addition of these two terms represents a 

conservative upper limit for the total uncertainty (1σ level) in the top-down emission estimates. 

For the VOC sum, we thus arrive at a value of 61,355 ± 21,075 MT/year, which when rounded to 

two significant figures yields a value of (61 ± 21) x 103 MT/year.  Comparing this to the  bottom-

up inventory value of  (21.4) x 103 MT/year, we arrive at a (top-down/bottom-up) VOC ratio of 

2.9 ± 1.0.   

The corresponding SEU for the top-down emissions of CH2O and its 4 precursors, yields a 

value of 7,227/(3)1/2 = 4,173 MT/year. The ensemble mean and standard are 15,956 ± 5,669 

MT/year, which again are close in value. The quadrature addition of the two values yields a total 

uncertainty of 7,031 MT/year. Comparison with the bottom-up inventory value of 3,693 MT/year, 

one arrives at a (top-down/bottom-up) ratio of 4.3 ± 1.5 (random component) and 4.3 ± 1.9 (upper 

limit for total uncertainty in the ratio.  

 

 
Figure S11: Top-down total CH2O plus precursors yearly emission estimates from Table 6 along with 1σ total 
uncertainty estimates for each plume and comparison with the bottom-up inventory (Inventory).  
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Figure S12 shows the corresponding results for each plume SO2 determination. It is interesting 

to note that the top-down SO2 emissions in this figure are all relatively constant across each plume 

with the exception of the full plume on June 2. Section 6.2 discussed this observation, and this is 

responsible for both the factor of 63% higher SO2 and comparably larger uncertainty in these 

values relative to the other plumes.  

 
 

 

 
 
Figure S12: Top-down total SO2 yearly emission estimates from Table 6 along with 1σ total uncertainty estimates for 
each plume and comparison with bottom-up inventory (SO2 Inventory).  
 
 
8. Discussion of Korean West Coast Facility Plumes Downwind Over the Yellow Sea, Fig 

S13, S14, & Table S3.  
 
Figure S13 shows the 5 largest Yellow Sea (YS) plumes emanating from various west coast 

facilities on June 5, 2016. These plumes are highlighted in the shaded regions and are numbered 

by the sampling times. Additional information on these 5 YS plumes can be found in Table S3. 

The peak plume concentrations range between 20.7 ppb to 48.6 ppb (for CH2O) and 3.2 ppb to 7.5 

ppb (for PTRMS benzene). In Fig. S13 we also show the wind vectors along with FLEXPART 

back trajectories given by the dashed red lines with large red arrows. These back trajectories 

represent the calculated turbulent central locations from the various source regions to the DC-8 

35000

30000

25000

20000

15000

10000

5000

0

SO
2 

Em
is

si
on

 F
lu

x 
M

T/
Yr

SO2 Inventory 6/2/16 - Full 6/2/16 - Restricted 6/3/16 - 3 6/3/16 - 4 6/5/16 - 1 6/5/16 - 3

 Industry
Petroleum

 Refinery Power
 Ship



 23 

plume sampling locations. As can be seen in this figure and tabulated in Table S3, two of the 

plumes trace back to the Daesan facility while the other 3 trace back to the Taean power plant. 

These back trajectories also provide transit time intervals from these facilities to the plume 

sampling point. These are indicated in Table S3 as the τ values in hours, and these compare very 

well with estimated transit times from the distance divided by the wind speeds measured on the 

DC-8 in the plumes. These transit times range between 1.8 hours to 4.0 hours. We also show in 

the last column of Table S3 the photochemical processing times based on the benzene/toluene 

ratios and OH measurements employing Eq. (S2) below, which is given by Colomb et al. (2006): 

 τ   =  { ln(Benzene/Toluene)t - ln(Benzene/Toluene)0 }/{(ktoluene – kbenzene) [OH]}  (S2) 

In this expression, the (Benzene/Toluene)t and  (Benzene/Toluene)0 are the measured linear 

regression slopes at time t in the plumes and time 0 at the source, respectively. The [OH] 

concentrations are the averaged measured OH values at the source and plume regions, and the rate 

constants are ktoluene = 5.96 x10-12 cm3molecules-1 s-1 and kbenzene = 1.23 x 10-12 cm3molecules-1 s-1. 

The veracity of this relationship relies on the fact that both gases are emitted from a given source 

without any intervening additional sources during the plume transit, which would reset the 

photochemical clock. This also assumes that the only loss occurs via reaction with OH. As can be 

seen, the photochemical processing times with one exception are in good agreement with the other 

two time estimates (back trajectory time estimates and plume distance/wind speed). The one 

exception occurs for the YS Plume 4, which originates from Daesan and further shown as a time 

series plot in Fig. S14, which reveals an exceptionally high peak CH2O concentration of 48.6 ppb. 

The anomalously low value of 0.4 hours for this plume from the benzene-toluene relationship is 

highly suggestive of a localized plume source, perhaps from ship plumes from busy ferry lines and 

several cruise lines from Incheon to Jeju and China in the Yellow Sea. This is consistent with 

measurements of enhanced SO2 concentrations of ~ 16 ppb during this plume. Cho et al. (2020) in 

their analysis of May 22 plumes over the Yellow Sea observed significantly elevated CH2O levels 

which they also attribute to such sources.  

 We also show in Table S3, the AHN-CH2O slopes for four of the five large YS plumes (no CIT 

measurements for YS Plume 4). The slopes ranged between 0.59 to 0.78 with very high r2 values 

in the 0.95 to 0.98 range. The X-intercept of the regression plots for these 4 plumes, which 

indicates background CH2O in the absence of production, averaged 2.1 ± 0.4 ppb, which is a value 

in agreement with observed background CH2O values of 3.0 ± 0.6 ppb just outside these plumes 
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and with average and median values for the Korean Peninsula Region tabulated in Table 2a. These 

facts thus point with a high degree of confidence that significant CH2O is photochemically 

produced in these YS plumes with lower limits ranging between 59% to 78%. This compares to 

lower limit AHN-CH2O slopes of 49%, 36%, and 44% for the June 5 Daesan close proximity 

Plumes 1,2, and 3, respectively, and a value of 56% for the close proximity Taean power plant 

plume on this day. 

 
 
Figure S13: June 5 downwind CH2O Plumes over the Yellow Sea (YS) from the various west coast facilities. The 
dashed red lines with big red arrows indicate FLEXPART back trajectories, while wind vectors for select individual 
sampling points are indicated by smaller black arrows. The wind speeds for these vectors are multiplied by 10 to 
enhance visibility. Each YS plume lists the peak measured CH2O concentrations, the slope of the plot of CH2O (Sum 
Alkene-HN) vs measured CAMS CH2O, and the DC-8 radar sampling altitudes, and additional values are tabulated in 
Table S3. 
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Figure S14: Select June 5 Marine Boundary Layer Yellow Plumes showing time series for CH2O, ethane, PTRMS 
benzene and toluene, and the Sum (CH2O-AHN) shifted by + 1sec. The peak values are: Plume 4: CH2O = 48.6 ppb, 
Ethane =  10.4 ppb, Benzene = 7.5 ppb;  and Plume 5: CH2O = 29.7 ppb, Ethane = 6.3 ppb,  Benzene = 4.9 ppb.  
 
Table S3: 5 Major Marine Boundary Layer Yellow Sea Plumes on June 5, 2016 identified in Fig. 
S13. The AHN-CH2O Slope is the linear regression slope for CH2O determined from the Sum 
Alkene-HN versus CH2O measurements, and the CH2O and benzene concentrations are the peak 
plume values from CAMS and PTRMS, respectively. The first two τ values (in hours) are the 
transit times from the source facility to the plume location from the back trajectories (Back Traj.) 
and from the distance/wind speed (WS), respectively. The 3rd τ  value was determined from the 
benzene/toluene relationships in Eq. S2 for plumes emanating from Daesan and the Taean power 
plant (PP).  
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Slope/r2 

Plume 
Distance 

from Source 
Facility(km) 

τ  
Back 
Traj.  

τ  
Distance/WS 

τ  
Benz/Tol 

Taean PP 1 20.7 3.2 0.78/ 0.95  34 2.5 2.6 2.8 
Daesan 2 29.4 4.6 0.59/ 0.97 44 3.3 4.0 3.2 

Taean PP 3 22.4 3.6 0.64/ 0.97 30 2.3 2.2 3.2 
Daesan 4 48.6 7.5  32 2.5 2.7 0.4 

Taean PP 5 29.7 4.9 0.59/ 0.98 21 1.8 1.8  
 

 
 
 
 
  
 
 


