
ABSTRACT As the observational constraints of SO2 become a limiting factor for emis-
sion inventory and regional and global transport model validations, we present an air-
borne SO2 observational suite integrated on Beechcraft 1900D (B1900D) operated by 
Hanseo University. A chemical ionization mass spectrometry (CIMS) technique using SF6

- 
ion chemistry is used to take advantage of fast response (<1 Hz) and the low limit of 
detection (30 ppt). In this study, we describe the performance of the CIMS system on 
B1900D along with descriptions on the modified airborne platform. Furthermore, exem-
plary observational results around point sources such as a steel production facility and a 
petrochemical industrial facility in the Taeahn Peninsula in South Korea. In addition, an 
observational result over the Yellow Sea is presented to demonstrate the ability of the 
instrumentation to capture pollution transport from the continent. Overall, the perfor-
mance of the airborne CIMS system for SO2 is well demonstrated for future air quality 
studies. 
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1. INTRODUCTION

Sulfur is not necessarily a dominant element in the composition of the Earth. 
In this context, it is rather surprising that sulfur compounds, mostly sulfate 

(SO4
2-) composed the substantial fraction fine aerosols (e.g. PM2.5). Most of the 

sulfur in the condensed phase in the troposphere is originated from gas phase 
compounds through atmospheric oxidation (Davis et al., 1998). Before the 
human impacts to the atmospheric composition were not significant, mostly nat-
ural activities maintained the sulfur levels in the atmosphere such as SO2 from 
volcanos and dimethylsulfide (CH3SCH3) from phytoplanktons (Davis et al., 
1999). Once emitted, oxidation processes both homogeneous and heteroge-
neous pathways eventually chemically convert to the most oxidized form of sulfur 

(S (VI)) such as SO4
2- and H2SO4

 (g), which have substantially lower vapor pres-
sure to be partitioned to the condensed phase ( Jacob, 1999). 

Since the industrial revolution, sulfur emission from anthropogenic activities 
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associated with coal burning has been explosively 
increasing. The emissions from anthropogenic activi-
ties now are mostly composed by electricity genera-
tion, industrial, and mobile sources mostly coal burn-
ing activities and residual sulfur emission from under 
processed diesel fuel (Ohara et al., 2007). 

In recent years, Europe and North America have 
shown substantial decrease in anthropogenic SO2 emis-
sions mainly due to changes in the electricity genera-
tion portfolio. In contrast, SO2 emissions in Asia had 
been rapidly growing since 1990 mostly driven by the 
economic development in China (Ohara et al., 2007). 
Recent emission inventory assessments and satellite 
observations clearly shows the decreasing trend from 
mid-2000 over China. South Korea, the more advanced 
stage of the energy use and the economic development, 
the decreasing trend of SO2 emission has been obser-
ved in the earlier time frame since mid 80s. Currently, 
the SO2 mixing ratio of 150 ppb or higher in one hour 
average is considered as the out of compliance in the 
South Korean environmental regulation. Although the 
out of compliance level of SO2 never observes in the 
ambient air except the fresh plumes of combustion 
exhausts in the industrial facility, it is still a great deal of 
scientific interests to precisely constrain SO2 emissions 
as it propagates into ambient aerosol loading estimates 
that have tremendous implications to regional to global 
air quality and climate. Especially, as the local air quali-
ty policy requires the quantitative assessment on rela-
tive contributions from local vs trans-boundary pollu-
tion, precise emission monitoring becomes more 
important.

It has been a conventional method that inverse mod-
eling is a main tool to calculate top-down emission 
inventory. Recently, satellite SO2 products (a column 
density) has started to be implemented in the inverse 
model framework. Lee et al. (2011) reported a substan-
tial discrepancy between bottom-up and top-down 
SO2 emission estimates in China although a consisten-
cy between the two was found in the United States. 
The consistent problem in the Asian region has been 
reported by Aas et al. (2019) and Qu et al. (2019). This 
finding most likely reflects the rapid changes in emis-
sions in the Asian region. 

To better characterize the rapidly changing SO2 emis-
sion, it is important to observationally constrain large 
emission sources with the high temporal resolution to 
monitor changes in different activities for the facilities. 

Especially, considering the poor spatial resolution of 
satellite observation, it is imperative to monitor the SO2 
emission using in situ techniques. Airborne platforms 
have a great advantage to monitor the spatial distribu-
tion of trace atmospheric constituents in a fast time res-
olution, which make it ideal for the emission estimates 
with proper meteorological measurements. In addition, 
the airborne observation has been using a powerful tool 
to investigate transboundary air pollution problems (e.g. 
NIER and NASA, 2017). This motivates us to present 
this study of characterizing a recently developed air-
borne platform Beechcraft 1900 D (Hanseo B1900D, 
HL5238) owned and operated by Hanseo University in 
South Korea. In this study, we describe improvements 
made on Hanseo B1900D to adapt research grade atmo-
spheric chemistry instrumentation and proper sample 
introduction. In addition, an introduction to the ana-
lytical characteristics of SO2 and meteorological sen-
sors on-board is presented to discuss how the combina-
tion of the datasets can directly constrain SO2 emis-
sions for large point sources and capture elevated SO2 
over the Yellow Sea.

2. METHODS

2. 1  Hanseo B1900D
In February 2019, Hanseo B1900D was modified for 

the atmospheric chemistry research. The underlying 
considerations for the modifications are described as 
next;

1)  The mission power for the scientific payload has 
separate generator circuits from the aviation related 
power supplies so that any potential power interrup-
tion would not interfere the aviation safety.

2)  After mission power is generated, it goes through six 
independent inverters (DC 28 V to AC 230 V 50 

Hz) to provide power to eight independent power 
stations, distributed to the cabin. The cabin layout 
and distribution of the power stations are shown in 
Fig. 1. The design prevents any power interruption 
caused by an incident happening to one power sta-
tion.

3)  There are only one prefixed instrument rack contain-
ing inverters, a data logger for a meteorological sen-
sor, and other housekeeping accessories. All other sci-
entific payload can be integrated in an instrument 
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rack to be fastened using the seat rails to maximize 
the flexibility of the platform. 

4)  Four gas phase inlet systems are installed two win-
dow plates located in the starboard and the port side 
windows in the very front of the plane to prevent 
any interference from the engine exhaust. Two aero-
sol inlet systems (DMT - part number AAA-0151for 
a heated inlet and AAA-0093 for unheated inlet) are 
mounted top of the fuselage. They are also located 
in the front part of the fuselage to prevent engine 
exhaust interferences.

5)  ARIM200 Digital Air Data Probe (Aventech Rese arch 
Inc. Ontario, Canada) is installed on the forward port 
side of the fuselage. The potential interference from 
the turbulent interaction between ambient air and 
fuselage was thoroughly considered from the plan-
ning stage and implemented in the modifications. 

The overall modification goals are the outcome of 
discussion in the South Korean scientific community. 
The goals were implemented by Global Aviation Tech-
nology in Wichita, Kansas U.S.A. to be satisfied with 
the aircraft engineering capacity and the Federal Avia-
tion Administration regulations. The FAA certified 
engineering plan was implemented by Air Asia, Tainan 
City, Taiwan. 

2. 2  The AIMMS-30 System
AIMMS-30 (Aventech Research Inc. Barrie ON Can-

ada) on Hanseo B-1900D is consisted by an ARIM200 
Air Data Probe system, a VECTRAX 10 Inertial Alti-
tude Unit system, and a MetTrack display and general 
interface system. ARIM200 a digital electronic air data 
sensing system is capable of measuring atmospheric 
pressure, altitude, air speed, angle-of-attack, tempera-

ture, relative humidity, and the speed and the direction 
of the aircraft-relative wind vector. 

ARIM200 contains the 5-hole probe head for the res-
olution of airflow angles and pitot pressure. The signals 
from sensors transfer through a Controller Area Net-
work (CAN) bus to the VECTRAX system. It also 
receives two global positioning system (GPS) signals 
from antennas mounted on fuselage. With the data 
stream, it processes data and save it as a binary file. Cal-
ibration maneuvering based upon Lenschow (1986) 
with the consideration to retrieve accurate 3D wind 
dataset on a fast-moving platform such as aircraft.

The system is compact enough to be integrated a 
mid-size aircraft such as Hanseo B-1900D. The capa-
bility to accurately quantify meteorological variables is 
essential to assess turbulent and advective fluxes dis-
cussed in the result section. 

2. 3  Chemical Ionization Mass Spectrometer
A chemical ionization mass spectrometer (THS 

Instruments LLC, Atlanta GA USA) was used for SO2 
quantification on Hanseo B1900D. It has been used the 
main SO2 quantification tool on NASA DC-8 Airborne 
Laboratory since the INtercontinental Transport 
EXperiment (INTEX) in 2004 (Kim et al., 2007). A 
detailed analytical system is thoroughly discussed Kim 
et al. (2007). It is utilized SF6

- as a reagent ion. SF6
- ion 

is generated from 0.1% of SF6 mixture (5-10 standard 
cc minute-1) balanced with N2 using N2 as a carrier gas 

(2 standard liter minute-1). The ionization of SF6 is 
triggered by α particles from Po-210. 

Ionization of SO2 by the reagent ion is facilitated in a 
flow tube - a 5-inch long QF-40 nipple maintained ~10 
torr of pressure. 1slpm of ambient air is introduced to 
the flow tube to selectively ionize ambient SO2 as;

Fig. 1. The cabin layout of B1900D and distribution of the power stations.
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SO2 + SF6
- → SO2F2

-+ SF4

SO2 + SF6
- → SO2F2

-+ SF5

We monitor both masses along with the isotopic 
mass of 34SO2F2

- as the trace can be useful to correctly 
quantify SO2 in the power plant plume with extremely 
high SO2

 (100 ppb or higher) when the count statistics 
of the detector gets into the non-linear range. 

Once the ion generated, the ion beam passes through a 
collision dissociation chamber where an octopole system 
is optimized to break up ion clusters. Ion beam then 
introduced the main chamber with an octupole system 
for ion focusing and the quadrupole chamber for the 
mass filtration finally to the channeltron detector. Over-
all system is monitored and controlled one laptop with a 
custom-made software on the LINUX platform.

3. RESULTS AND DISCUSSION

3. 1   The Performance of CIMS SO2 Quantification 
System

As discussed, the in-flight calibration functionality 
both background and sensitivity checks are equipped. 
The time series of raw signals during the flight is shown 
in Fig. 2. The calibration can be programed so that the 
process is conducted in the predetermined period. The 
mass spectrometer is configured to hop a list of masses 
in around 1 second period. Each mass is set to be moni-
tored 100 ms (millisecond). Fig. 2 clearly illustrates the 
advantage of the high temporal frequency observations. 
The nominal true air speed for the research flight is 

maintained ~85 m s-1. Therefore, it covers ~500 m in 
one minute, which one can easily miss nearfield plumes 
from industrial facilities with a low time resolution 
instrument. On the other hand, Fig. 2 clearly demon-
strates that we can capture the plumes. 

In such a high frequency, it is important to have a low 
limit of detection and high sensitivity a strong analyti-
cal advantage of the CIMS system (Huey, 2007). Dur-
ing the research flight, the limit of detection is consis-
tently estimated 30 ppt for the one second average (1σ) 
and 4 ppt for one-minute average (1σ). The system 
demonstrates the nominal sensitivity of 3 Hz ppt-1. In 
addition, the system demonstrates a wide linear range 
from the detection limit to the high SO2 levels (up to 
400 ppb), which is critical for accurate quantifications 
for near field pollution plume in the background condi-
tions. 

3. 2   SO2 distributions in the South Korean West 
Coast

The West Coast in South Korea has a complicated 
SO2 emission sources as there are a wide range of emis-

Fig. 2. A temporal variation of SO2F2
- signal during an airborne observation near a point source.

Table 1. Bottom-up SO2 emission estimates published in CAPSS 
by Ministry of Environment in South Korea.

CAPSS 2015 SO2
 (kg yr-1)

Dangjin Power Plant 7,016,148
Boryung Power Plant 13,253,039
Taehan Power Plant 13,085,660
Hyundai Steel Manufacturing Facility 11,702,268
Daesan Petrochemical Facility 13,855,763
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sion sources and it is susceptible to an influence of con-
tinental outflow. The estimated SO2 emissions in Clean 
Air Policy Support System (CAPSS) is summarized in 
Table 1. The region is consisted the largest SO2 emis-
sion in South Korea. Here, we present representative 
airborne SO2 observational results.

3. 2. 1  Hyundai Steel Manufacturing Facility
An example of SO2 observations for Hyundai Steel 

Manufacturing Facility is shown in Fig. 3. As shown in 
the Google Earth image, there are multiple chimneys in 
the facility. The highest concentration was observed 
during the overpass of the facility (300 ppb). Due to the 
Southwestery wind, it is clear that the SO2 plume is 
spreading towards Northeast. Vertical curtain plots 

(Fig. 3c) clearly show that SO2 plume is spreading in a 
well-defined fashion, which illustrates that the applied 
maneuvering pattern is successfully captured SO2 emis-
sion from the facility. In contrast, there is no significant 
elevation of SO2 in the upwind cross-section. There-
fore, the observational dataset can be used to calculate 
the instantaneous emission rates. The observed SO2 
distributions around the coal power plants - Danjing, 

Taeahn, and Boryung show also the similar SO2 distri-
bution - a distinguished plume pattern. 

This observation vouches the application of a Gauss-
ian plume model. It is a model framework established 
in 1940 (Weil and Brower, 1984). It describes the con-
centration distribution of pollutants emitted from an 
industrial stack by a descriptive mathematical equation 

(Eq. 1). 
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Fig. 3. A SO2 observational dataset over Hyundai Steel Manu facturing Facility (a). (b) Horizontal distribution of SO2 with the SO2 mixing 
ratio color coding. The red outline shows the border of the facility. (c) A SO2 curtain plot to illustrate the vertical distribution. The y-axis 
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(a) (c)

(b) (d)
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simply by wind speed, wind direction, and atmospheric 
stability classes that can be evaluated by the vertical 
distribution of air temperature. As all these parameters 
are monitored by AIMMS-30, we can apply the Gauss-
ian plume model equation to calculate instantaneous 
emission rates (kg hour-1). We choose one observed 
plume that has the highest concentration of SO2, which 
is also consistent with wind direction. We then assume 
the spot is the center of the Gaussian plume to calcu-
late the instantaneous emission rate using Eq. 1. Cer-
tainly, this approach has limitation as it ignores other 
diverted plumes that we can clearly observe in the spa-
tial distributions of SO2, illustrated in Fig. 3. In addi-
tion, as the emissions from multiple stacks rather than 
one stack that is an assumption of the proposed calcu-
lation, this will also contribute to underestimate total 
SO2 emission from the given point source. For exam-
ple, if the identical amount of SO2 is emitted in five dif-
ferent chimneys separated 60 m each, the concentra-
tion of SO2 in the center of the plume, observed 2 km 
away from the emission is 60% lower than the assessed 
highest concentration calculated under the assump-
tion, which all the SO2 emission from one stack. In this 
context, the calculated instantaneous emission rate in 

this presented method should be considered a low-end 
estimate. To evaluate bottom-up emission estimates 
based upon the instantaneous emission estimates, it 
requires frequent observations over the extended time 
frame to accumulate a statistically relevant dataset. By 
applying the plume model with a neutral stability, we 
calculated instantaneous SO2 emission rate of 3483 kg 

hour-1. We have utilized the wind dataset from the 
AIMMS-30 system to calculate the flux. Although this 
is substantially higher than the hourly emission rate, 
deduced from the annual emission rate (~three times), 
presented in Table 1, More frequent observation is nec-
essary to be more statistically relevant.

3. 2. 2  Daesan Petrochemical Facility
As shown in Table 1, Daesan Petrochemical Facility 

is also emitted a substantial amount of SO2. Unlike the 
previously described powerplant and steel manufactur-
ing facility examples, SO2 emission in the facility is 
spread around a large facility consisted by a number of 
different factories with different processing functions 
as shown in Fig. 4. 

The observed SO2 around the Daesan Petrochemical 
Facility is also consistent with the distributed nature of 

Fig. 4. (a) A satellite view of the Daesan Petrochemical Facility. (b) The observed horizontal SO2 distribution. The border of the facility is 
shown with a red line. (c) A curtain plot color coded with SO2 concentration. The north and the the south walls are presented in the upper 
and the lower panels, respectively. The latitude line of 39.9°N was used to separate the North and South.

(a) (b)

(c)
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SO2 emission in this facility. In other words, once the 
plume model is applied in this case, the outcome will 
only capture the major plume but not more spread 
around elevated SO2. Therefore, it may not be relevant to 
apply the Gaussian plume model. Gordon et al. (2015) 
presented a model framework to account emission of 
aerial sources. Emission from point or aerial sou rces can 
be described following elements

EC = ECH+ECHT+ECV+ECVT+ECVC-ECM-ECX (Eq. 2)

where, 
EC: the total emission rate integrated over all activi-

ties within the source
ECH:  the horizontal advective flux through the box 

walls
ECHT:  the horizontal turbulent flux through the box 

walls
ECV: the advective flux through the top box
ECVT: is the turbulent flux through the box top
ECVD: is the deposition to the surface
ECM:  the increase in mass within the volume due to a 

change in air density
ECX:  the increase in the mass due to chemical chang-

es of the compound within the box volume

In general, the last three terms are not considered in 
emission estimates because they are insignificant. As 
most of the emission can be accounted ECH, Gordon et 
al. (2015) has developed a model framework to charac-
terize the horizontal advection called the top-down 
emission rate retrieval algorithm (TERRA). To apply 
TERRA, it requires a curtain plot pattern sampling, 
which we demonstrated to observe the vertical distri-
butions of SO2 around the studied industrial facilities. 
Then with the observed meteorological and chemical 
parameters, the algorithm calculated the horizontal 
advective flux using the following equation.

 11
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 (Eq. 3)

where,
MR:  the ratio of the compound molar mass to the 

molar mass of air
χc:  the average screen mixing ration around the box 

wall
ρair: the density of air
U: the horizontal wind speed

A code for the calculation is written in Igor (Wave-
metrics Inc.). Currently, we are applying the code to 
calculate the advective flux. The SO2 flux calculation 
result using the TERRA model for the Hyundai Steel 
Mill case, presented in Fig. 3 is 3807 kg hour-1, which is 
a similar value calculated using the TERRA model 
framework. The SO2 flux from the Daesan Petrochemi-
cal Facility is estimated as 1306 kg hour-1 also by the 
TERRA model. This instantaneous emission rate is 
comparable with the deduced emission rate from the 
annual emission rate. We have utilized the wind dataset 
from the AIMMS-30 system to calculate the flux.

3. 3  SO2 distributions over the Yellow Sea
As sulfate is a dominant component in fine particles 

observed in Korea and most of the East Asia, it is 
important to characterize the sulfur sources. SO2 is the 
primary precursor for sulfate. Other than the local 
industrial sources, it has been a particular research inter-
est to characterize transported SO2 particularly from 
China. Obviously, utilizing airborne platforms to cap-
ture transported pollution plume is the best option to 
constrain the transport pathways and amounts. During 
the KORUS-AQ campaign, most of SO2 over the Kore-
an Peninsula was attributed from the local contribu-
tions. However, a caution should be exercised in the fact 
that this is the conclusion based upon the observations 

(a) (b)

Fig. 5. The horizontal (a) and the vertical distributions (b) of SO2 quantified from the flight conducted in June 2nd 2019.
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while the continental outflows are not active according 
to the Rapid Scientific Synthesis Report (NIER and 
NASA, 2017).

We have conducted several research flights to try cap-
turing pollution outflows from China and present an 
exemplary flight in Fig. 5. The horizontal and the verti-
cal distributions of SO2 illustrates a clear SO2 gradient 
in the range of the lower limit of detection (20 ppt) to 2 

ppb. Although, it requires an integrated approach inc-
luding detailed observational data analysis and model 
comparisons to attribute the SO2 sources for the obser-
ved SO2 plumes, the observational results. 

4. SUMMARY

We demonstrated the observational capability of SO2 
on Hanseo Beechcraft 1900D modified for airborne 
atmospheric composition monitoring along with micro-
meteorological parameters. The fast time response of 
the CIMS application allows us to sample narrow plu-
mes from point sources. We demonstrated that the obs-
ervational dataset can constrain instantaneous emission 
rates of SO2 from point sources such as coal power 
plants and steel manufacturing facility along with the 
micrometeorological dataset. The high sensitivity and 
the low limit of detection of CIMS in the SO2 quantifi-
cation allow us to identify the enhancements of SO2 
over the marine boundary layer in the Yellow Sea that 
could be originated from pollution outflows from China. 
As we assess the performance of the analytical tech-
nique is suitable for airborne observations for scientific 
purposes that certainly can provide quantitative diag-
nostic basis for policy decisions to improve air quality. 

This in situ observational capability is expected to 
provide an essential dataset to validate remote sensing 
datasets (Chong et al., 2020) and chemical transport 
model results through coordinating efforts.
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