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1. Introduction

Sulfur dioxide (SO2) which is compounds of sulfur and oxygen
forms sulfate aerosols that have an important influence on global
atmospheric chemistry and climate. It also directly affects human
health such as respiratory disorder and allergen (Hutchinson and
Whitby, 1977; Longo et al., 2010; Pope and Dockery, 2006). Active
volcanoes are the primary natural source of SOz while coal-
burning power plants, smelters, and oil refineries are the primary
anthropogenic source of SO: into the atmosphere (Fioletov et al.,
2016). Global Ozone Monitoring Experiment (GOME) equipped on
the Earth Research Satellite monitored SO: in an artificially
generated area of SOz such as the Eastern European power plant
(Eisinger and Burrows, 1998) and the smelter in Peru and Russia
(Khokhar et al., 2008). The past 15 years have seen the launch of
three satellite UV instruments capable of detecting near-surface
SO2: the SCanning Imaging Absorption spectroMeter for
Atmospheric CHartographY (SCTAMACHY), 2002-2012, on board
the ENVISAT satellite (Bovensmann et al., 1999); the Global Ozone
Monitoring Experiment-2 (GOME 2) instrument, 2006—present, on

MetOp-A (Callies et al., 2000); and the Ozone Monitoring



Instrument (OMI) (Levelt et al., 2006), 2004—present, on NASA’s
Aura spacecraft (Schoeberl et al., 2006). Many satellites provide SOz
Vertical Column Density (SO2 VCD), however strong ozone
absorption in the stratosphere and atmospheric scattering above
the boundary layer, weakens the UV radiation reaching the surface
so that weak absorption features of Planetary Boundary Layer (PBL)
SO: are difficult to detect by satellite sensor (Knepp et al., 2015; Yan
et al., 2017). In addition, satellite-based remote sensing is known to
have larger uncertainty than ground-based remote sensing due to
many interferences in the atmosphere such as trace gases, aerosol,
water vapor, low ambient temperatures in space, and strong
cosmic radiation (Lee, 2013). For these reasons, ground-based
remote sensing provides more accurate values on the ground and
has precise spatial and temporal resolution than satellite-based
remote sensing (Li et al., 2000). Ground-based remote sensing helps
both in the validation of satellite measurements and the facilitation
of a better interpretation of satellite data and their links to surface
concentration (Richter et al., 2013). The ground-based multi-axis
differential optical absorption spectroscopy (MAX-DOAS) method
is used for ground-based SO: retrieval. The method is based on
scattered sunlight measured in the UV part of the spectrum at

different elevation angles with data analyzed using the DOAS



technique (Platt and Stutz, 2008). It was widely used for
measurements of SOx from the volcano. However, only a few
studies have focused on MAX-DOAS measurements of
anthropogenic SOz (Wang et al., 2014; Wu et al., 2013; Theys et al.,
2015). Pandora is another instrument used for SO: retrieval. It is a
developed instrument for UV and visible spectral measurements,
which was primarily designed for direct-sun observations (Fioletov
et al, 2016). The ground-based direct sun measurements like
Pandora have no errors in air mass factor (AMF) calculations since
AMEF can be calculated with a simple formula. Prior to calculating
the SO2 VCD using ground-based direct sun measurement, it is
necessary to understand and quantify the uncertainties of the
various conditions. Therefore, in this study, simulated synthetic
radiances were calculated under various conditions, and the
uncertainty of the SO. VCD from ground-based direct sun
measurement was investigated to help validate the SO. VCD

retrieved from satellites.



2. Data and method

2.1. Principle of DOAS method

In this study, DOAS (Differential Optical Absorption
Spectroscopy) method which analyzes the radiance spectrum in the
UV, visible, and near-infrared spectral range is used to retrieve SOz
VCD. The main idea of the DOAS method is to separate the broad-
band and narrow-band spectral structures of the absorption spectra
that we can calculate the amount of each atmospheric trace gases
by reflecting the absorption features of the trace gases (Platt and
Stutz, 2008). DOAS method is based on the Beer-Lambert law. The
Beer-Lambert law means that intensity of radiance is exponentially
reduced by the light path length, the concentration of the trace
gases, and the absorption cross-section of the trace gases while
passing through the atmosphere. The equation (1) is Beer-Lambert

law equation.
ID) = Iy(AEXP(—LCo) (1)

where (1) (W nm? cm) is the intensity of the radiance at the



top of the atmosphere without extinction. The I(1) (W nm* cm?)
is the intensity of the radiance at the instrument. As factors
affecting the extinction of light, C (molecule cm?®) means the
concentration of trace gases exist in the atmosphere, L (cm) means
the light path length. The cross-section o(4,T) (cm? molecule?)
which is obtained through lab measurements defines the light
absorption at the specific wavelength 4 and temperature T (Platt

and Stutz, 2008).

Applying DOAS theory to equation (1) leads to equation (2).
The principle of DOAS is that the absorption lines are generated by
the electron transition of the atoms of the trace gases, and the
absorption cross-sections of several trace gases are divided into

high-frequency parts and low-frequency parts.

1) = h(DEXP(— X1, 0] (DS)EXP{— (2T 0;(DS; + x(A) + &4 (D))}

()

In equation (2), ¢/(1) is the part where the absorption curve

changes rapidly with wavelength, o;(1) is the part where the



absorption curve changes slowly with wavelength. £;(4) is the Rayleigh
scattering and &, (1) is the Mie scattering. The intensity of radiance is
reduced by Rayleigh scattering, Mie scattering, and trace gases present in
the atmosphere, and can be represented by mathematical polynomials

with low-frequency part. The Slant Column Density (SCD) of trace
gases are retrieved by nonlinear least-squares fitting using the
high-frequency characteristics of trace gases except low-frequency
parts derived from the aerosols, atmospheric molecules and the
slowly changing parts due to the trace gases. By dividing retrieved
SCD by AMF, the Vertical Column Density (VCD) is finally

calculated.



2.2. Ground-based Direct Sun
measurement Data
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Figure 1. A flowchart of the calculation of ground-based direct
sun measurement synthetic radiance.

Figure 1 shows a flowchart of the uncertainty test of SO2 VCD in
ground-based direct sun measurement. In the case of ground-based
direct sun measurement, the influence of diffused radiances is
negligible because the intensity of the direct radiances is much
stronger than that of the diffused radiance in the visible and the

near infrared wavelength. However, the effect of diffused radiances



is important in short wavelengths and large SZAs due to strong
absorption by Os and Rayleigh scattering of atmospheric molecules
with wavelength dependence strong enough to cause optical
thicknesses above 3.0 at 300 nm wavelength (McKenzie and
Johnston, 1995 ; Slusser et al., 2000; Tug and Baumann, 1994).
Therefore, in this study, simulated synthetic radiances were
calculated by combining synthetic direct radiances calculated from
Beer-Lambert equations and synthetic diffused radiances from
VLIDORT to investigate the SO VCD uncertainty for the FWHM,
SNR, Os VCD, AOD, and SZA. The Os absorption cross-section of
223K (Bogumil et al., 2003), the 298K sulfur dioxide absorption
cross-section (Vandaele et al., 2009), and AOD by wavelength were
convoluted with FWHM of 0.2, 0.6, and 1.0 nm condition. In the 360
to 380 nm wavelength range, it is suitable for retrieving SO2 SCDs
since the influence of Os is reduced rapidly, however this
wavelength range is utilized at the SO2 SCDs of about 250 DU or
more, like the volcanic area, not the low SOz SCDs like the city area

(Theys et al., 2015). Therefore, the wavelength range for simulated



synthetic radiances is set to 0.2 nm intervals from 290 to 350 nm in
this study. FWHM, AOD, Os VCDs, SZA, and SO2 VCD are used as
the input variables, and the Beer-Lambert law equation is used to
calculate the synthetic direct sun radiance. Simultaneously, the
synthetic diffused radiances were calculated using the RTM. In
order to calculate synthetic diffused radiance, the same variables
that were used to calculate the synthetic direct radiances were used
as input data in RTM. In addition, considering the target trace gas
is SOz, aerosol type was fixed with smoke. The aerosol profile is
based on the Gaussian distribution function (GDF) described in

Jeong et al. (2016) and Hong et al. (2017) and defined as follows:

—h(z—zp)
GDF =%y 3§ 1"

Zni [1+e—h(z—zp)]2

3)

In(3+ V/8)
oGt ) )

where z,; and z,, are the aerosol lower and upper limits,

respectively, W is a normalization constant related to total aerosol

loading, h is related to the AHW n, and z, is the APH (Jeong et



al., 2016; Hong et al., 2017). The simulated synthetic radiances were
convolved with a Gaussian slit function with a FWHM of 0.2, 0.6,
and 1.0 nm condition to investigate the effect of instrument
characteristic. In order to unify the synthetic direct radiances
calculated by the Beer-Lambert law and the synthetic diffused
radiances calculated by RTM, finally, we calculate the synthetic
diffused radiances by multiplying the Solid Angle calculated using
Field Of View (FOV) of Pandora, a ground-based direct sun
observation instrument currently available in National Aeronautics
and Space Administration(NASA). The equation to calculated solid

angle is as follows.

Q= 2m(1l—cosB)  (5)

where Q is solid angle and 6 is FOV/2, The average FOV of

Pandora is 2.2°, so 6 used in this study is 1.1°. The SNR was

randomly applied to synthetic merged radiances which were
combined synthetic direct radiances and synthetic diffused

radiances. Assuming that the entire variability in Pandora is

10



instrumental noise, the SNR would be 650:1 (Herman ef al., 2015).
The SNR values of 920, 1300, and 3250 were selected by co-adding
the Pandora SNR in the UV range for 1.5, 2, and 5 times,
respectively. The SNRs of 920, 1300, and 3250 were calculated using

equation 6 below (Natraj et al., 2011; Park et al., 2018).

SNR;(A) = SNR, x [°2, (6)

a

where SNR;(A) and [;(1) are the ith SNR and radiance at
wavelength A4, respectively, I, is the average value of all synthetic
radiances from 290 to 350 nm, and SNR, is their corresponding
SNR. Finally, a total of 3,888 simulated synthetic radiances were
calculated in various scenarios. The DOAS fitting wavelength
range was set from 311 nm to 329 nm which represents the smallest
residual in the range where strong absorption of SO.. Figure 2
shows an example of deconvolution of DOAS spectra under
conditions of SZA =30 °, SNR = 650, FWHM = 0.6 nm, AOD = 0.2.
Next, the retrieved SO2 SCDs less than 30% for each scenario were

divided by AMF to convert to SO: VCDs. When using solar

11



scattering measurement, it is necessary to calculate AMF by using
various variables such as profiles of trace gases, aerosol type, and
surface reflectance into RTM. Though this study includes diffused
radiance, this uncertainty test carried out under the ground-based
direct sun measurement, and since AMFs between calculated
geometry method and retrieved from RTM are not largely different,

therefore, AMF was calculated as simple geometric equation (7).

AMFgirect_sun = S€C(SZA) (7)

The SO. SCDs were divided by AMF to calculate the SO: VCDs.
Finally, The Absolute Percentage Difference (APD) between the
two values is calculated by comparing the SOz VCDs retrieved by
the DOAS method with the true SO2 VCDs used as the input value
to calculate the simulated synthetic radiance. The uncertainty of
SO2 VCDs retrieval for various environmental and instrumental
factors was evaluated by comparing the APD of each scenario.
Table 1 shows the input values to calculate the synthetic direct

radiances and synthetic diffused radiances, respectively.

12
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Figure 2. Example of deconvolution of the DOAS spectrum for
evaluating SO; slant column densities. Black line represents the
Reference spectrum and red line represents the Measured

spectrum.
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Table 1. Variables used to calculate synthetic radiances.

Variables
O3 VCD
SZA
Direct
AOD
radiance
SNR
FWHM
SO: VCD
O3 VCD
SZA
AOD
SNR
FWHM

Diffuse

) SO: VCD
radiance

Aerosol Type

Aerosol layer down

(upper)

Surface Reflectance

SOz layer height

14

Values
300, 400, and 500 DU
30, 40, 50, 60, 70, and 80°
0.2,0.6,1.0,and 1.5
650, 920, 1300, and 3250
0.2, 0.6, and 1.0
0.3,0.4,0.5,0.7,1.0, and 1.5 DU
300, 400, and 500 DU
30, 40, 50, 60, 70, and 80°
0.2,0.6,1.0, and 1.5
650, 920, 1300, and 3250
0.2,0.6, and 1.0
0.3,0.4,0.5,0.7, 1.0, and 1.5 DU

Smoke

0 (10) km

0.04

0 km



3. Result

3.1. Effect of FWHM on SO:2 VCDs retrieval
accuracy

FWHM

160

—— FWHMO0.2
FWHM 0.6
—d&— FWHM 1.0

140 -

120

SNR = 650
SZA=30°
Ozone =300DU
AOD=02

100

80 A

60

40 ~

20 A ol

Averaging Absolute Percentage Difference [%]

0.2 0.4 06 08 1.0 1.2 14 16
S02VCD [DY]

Figure 3. Uncertainty test of FWHM on SO: vertical column

density under the AOD =0.2, SNR =650, Os VCD =300 DU, SZA
= 30°.

The FWHM is a slit function, which means the wavelength

resolution of the instrument. The better the wavelength resolution,

15



the better the analysis of the continuous spectroscopic spectrum.
Figure 3 shows the results of investigating the uncertainty of the
SO: VCDs by changing the FWHM to 0.2, 0.6 and 1.0 nm under the
same conditions with SNR = 650, Os VCD =300 DU, AOD =0.2 and
SZA =30°. Figure 3 shows that the smaller the FWHM, the smaller
the APD value. The small APD means that the true SO2 VCDs used
as the input value in simulated synthetic radiances calculation are
similar to the SO2 VCDs retrieved using the DOAS method. As the
SO:2 VCDs decreased, the difference between true SO VCDs and
retrieved SO2 VCDs was large. In particular, when the SO. VCD
was 0.3 DU, it showed 85% higher error even at 0.2 nm which is the
smallest FWHM in uncertainty test. This means that even if the
FWHM of the actual instrument is low when the concentration of
SO: present in the atmosphere is less than 0.3 DU, it causes a high
error of more than 80%. When SO: VCD above 1 DU, the SO2
uncertainties at FWHM 0.2 nm and 0.6 nm were 22 and 25%,
respectively, confirming that the SO2 VCD retrieval for FWHM was

not significantly affected. The average difference for FWHM was

16



about 40%, and it was found that FWHM had a large effect on the

SO2 VCD from 0.5 du to 53%.
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3.2. Effect of AOD on SO:2 VCDs retrieval
accuracy

Figure 4 shows the results of investigating the uncertainty of
the SO2 VCD according to AOD by changing the AOD to 0.2, 1.0,
0.6, and 1.5 under the same conditions of SNR = 650, Os VCD = 300

DU, FWHM = 0.6 nm and SZA = 30°.

AOD

120

—— AOD 0.2

AOQD 0.6
—i— AOD 1.0
—— AOD 15

100 A

SNR =650

FWHM = 0.6 nm
Ozone = 300 DU
SZA= 30°

80

80

40

Average Absolute Percentage Difference [%]

20

0.2 0.4 06 08 1.0 1.2 1.4 1.6
502 VED [DU]

Figure 4. Uncertainty test of AOD on SO, vertical column density

under the FWHM = 0.6, SNR = 650, O; VCD = 300 DU, SZA = 30°.

The small AOD means that the amount of aerosol present in

18



the atmosphere is relatively small, and the smaller the AOD, the
lower the APD between the true SO2 VCDs and the retrieved SO:
VCDs. In Fig. 4, the APDs when SO VCD is 0.3 DU showed more
than 105% in all four cases of AOD. However, the APD difference
according to the AOD was 7% at maximum, which was relatively
smaller than FWHM, SNR, and SZA. It means that the SO> VCDs
uncertainty does not change significantly with a change in AOD.
When SOz VCD is above 1DU, it converges to 26-28% in all AOD
conditions. As previous FWHM converged below 25%, AOD had a

greater impact on SO2 VCD retrieval above 1 DU.
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3.3. Effect of SNR on SO: VCDs retrieval
accuracy

Figure 5 shows that the uncertainty of SO2 VCDs when SNR is
changed to 650, 920, 1300, and 3250 under the same conditions of

AOD =0.2, Os VCD =300 DU, FWHM = 0.6 nm and SZA = 30°.

SNR

120

—b— SNR 650
— SNR 920

——8— SNR 1300

—&— SNR 3250

100 +
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20 A

L
L g
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0.2 0.4 06 08 1.0 12 14 16
S02VCD [DY]

Figure 5. Uncertainty test of SNR on SO, vertical column density

under the FWHM = 0.6, AOD = 0.2, O; VCD = 300 DU, SZA = 30°.
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In contrast to previous FWHM, AOD, the larger the value of
SNR, the lower the APD. When SO: VCD is 0.3 DU, the APDs are
107%, 83%, 59%, and 18% at SNR 650, 920, 1300, and 3250
respectively. The APD was relatively low when compared to the
uncertainty of the SO2 VCDs for the previous FWHM, AOD, but the
largest difference occurred for the conditions of SNR in the low SOz
VCD. This means that the uncertainty of SO. VCDs is greatly
changed depending on the conditions of SNR when SO:
concentration present in the atmosphere is below 0.3 DU. When the
SO2 VCD was more than 1.5 DU, SNR converged to 25% at 650, 920,
and 1300, but in case of SNR 3250, they showed good performance

at less than 12%.
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3.4. Effect of SZA on SO: VCDs retrieval
accuracy
SZA
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Figure 6. Uncertainty test of SZA on SO, vertical column density

under the FWHM = 0.6, AOD = 0.2, O; VCD = 300 DU, SNR = 650.

Figure 6 shows the result of investigating uncertainty of the

22



SOz VCDs when SZA is changed to 30°, 40°, 50°, 60°, 70°, and 80°
under the same conditions of AOD =0.2, Os VCD =300 DU, FWHM
=0.6 nm, and SNR =650. SZA is an important factor that determines
the light path by the angle between the zenith sky direction and the
sun. For large SZA, the light path through the atmosphere increases
and therefore Rayleigh scattering, trace gases, aerosol absorption
are all increased, leading to reduce sensitivity for SOz in the lower
troposphere. In the figure 6, the larger the SZA, the higher the APD.
This seems to be caused by errors in the calculation of SO2 VCDs as
the light path becomes longer. When the SO. VCD of 0.3 DU, a high
error of over 105% occurred in all SZA conditions. Above 60 ° SZA,
APDs were more than 100% even at the SO VCD was 1 DU. The
SO: retrieval error caused by SZA has the greatest effect at a

maximum of 160%.
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3.5. Effect of Os on SO: VCDs retrieval

accuracy
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Figure 7. Uncertainty test of O; VCD on SO, vertical column density
under the FWHM = 0.6, AOD = 0.2, SZA = 30°, SNR = 650.

Figure 7 shows the result of SO. VCDs retrieval uncertainty by
changing the Os VCDs to 300, 400, and 500 DU under the same
conditions of AOD = 0.2, SZA =30 °, FWHM = 0.6 nm and SNR =

650. The amount of SOz is much smaller than that of the total Os in
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the atmosphere. The weak SO: absorption feature by small
amounts of PBL SOz overlaps with the strong Os absorption feature;
therefore, we know that uncertainties with the SO: SCD retrieval
can occur from interferences by the large amount of Os in the
spectral fitting procedure (Theys et al., 2017; Yan et al., 2017). The
higher the Os VCD, the higher the APD, which means that the
higher the amount of Os in the atmosphere, the more error in the
retrieval of SO2. The APD difference according to the Os VCD was
10% at maximum. Among the environmental factors, APD
calculated by Os VCD was higher than APD from AOD, which
means that the Os VCD'’s variation causes higher uncertainty than

the AOD’s variation.
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3.6.

Effect of Instrument Condition on SO:
VCDs retrieval accuracy
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Figure 8. Uncertainty test of Instrument conditions on SO, vertical

column density under the (a) AOD = 0.2, O; VCD = 300 DU, SZA =
30° and (b) AOD = 0.2, O; VCD = 300 DU, SZA = 60°.

Figure 8 shows the result of SO2 VCDs retrieval uncertainty by

changing the instrument condition under the same conditions of
AOD = 0.2, Os VCD =300 DU. The difference between Figure 8(a)
and Figure 8(b) is SZA. Figure 8(a) shows SZA is 30 and Figure 8(b)

is SZA 60. Instrument conditions were FWHM and SNR, FWHM
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was set to 0.2, 0.6, and 1.0, and SNR was set to 650, 920, 1300, and
3250 to evaluate the uncertainty of SO VCDs retrieval. In both
Figures 8(a) and (b), the higher the SNR and the lower the FWHM,
the lower the APD value. When the SZA is 30, FWHM is 0.2, and
the SNR is 3250 the minimum APD is 5%, the maximum APD is
104%. When the SZA was 60, the minimum APD was 60% and the
maximum APD was 147%. Comparing Fig. 8 (a) and (b), it shows a
high retrieval error of more than 50% under the same condition of
FWHM = 0.2 and SNR = 3250, which means that the effect on SZA

is very large.
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3.7. Effect of Environment Condition on
SO:2 VCDs retrieval accuracy
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Figure 9. Uncertainty test of Environment conditions on SO,

vertical column density under the (a) SNR = 650, FWHM = 0.6, SZA
= 30° and (b) SNR = 650, FWHM = 0.6, SZA = 60°

Figure 9 shows the result of SO. VCDs retrieval uncertainty by
changing the environment condition under the same conditions of
SNR = 650, FWHM = 0.6 nm. When the SZA is 30, the minimum

APD is 71% when the AOD is 0.2 and the Os VCD is 300 DU, and
when the AOD is 1.5 and the Os VCD is 500 DU, the maximum APD

is 88%. APDs difference between Figure 9 (a) and (b) shows

retrieval error of SO2 VCD nearly double according to SZA. When
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the SZA was 60, the minimum APD was 130% and the maximum
APD was 148%. The environmental conditions cause an overall

higher SOz VCD retrieval error than the instrumental conditions.
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3.8. Uncertainties of SO: VCD in the
atmospheric conditions of the Korean
Peninsula

Korean Peninsula environmental condition
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Figure 10. Uncertainty test of SO, VCD in the atmosphere
conditions of the Korean Peninsula under the same conditions of
SNR = 3250, FWHM = 0.6, SZA = 30°

Figure 10 shows the uncertainty of SO: VCDs in an air
environment similar to Korea Peninsula. According to J. Kim et al
(2017), the average concentration of Os in the Korean peninsula is

310 DU and the maximum concentration is over 400 DU. The mean
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and maximum values of AOD were 0.2 and 1.0 (5. Kim et al., 2007).
Normal condition was set to AOD =0.2, Os VCD =300 DU, and bad
condition was set to AOD =1.0 and Os; VCD =400 DU. FWHM, SNR,
and SZA all set to the same condition. In bad condition, the SO2
VCD retrieval error was larger than normal condition. The average
of the APD difference between the two conditions was 13% and the

maximum was 15%.

31



4. Conclusion

In this study, we investigated the uncertainty of the SO. VCD
in ground-based direct sun measurement for FWHM, SNR, Os VCD,
AOD, and SZA. The simulated synthetic radiances of the ground-
based direct sun measurement instrument was produced by
adding the synthetic diffused radiances through the RTM to the
synthetic direct radiances calculated from the Beer-Lambert law.
The SO2 SCDs were calculated by the DOAS method. The retrieved
SO:2 SCDs were divided into AMF calculated by the geometrical
measurement structure of the ground-based direct sun
measurement to calculate the SO. VCDs. The uncertainties of SOz
VCDs were quantified by comparing true SO2 VCDs, which was
used as input data in simulated synthetic radiance calculation, and
retrieved SO2 VCDs. As a result of comparing the APDs of each
factor, it was confirmed that the larger the value of FWHM, AOD,
SZA, and O3 VCD, the greater the difference between the true SO:

VCDs and retrieved SO2 VCDs. In contrast, the smaller the SNR,
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the larger the difference between the true SO2 VCDs and retrieved
SO2 VCDs. In uncertainty test of SO2 VCD for SZA, when the SO
VCD was over 1 DU, the APD was 30% at 30° SZA and 118% at 60°
SZA. When the SO2 VCD was more than 1 DU, it showed more than
100% uncertainty in high SZA. This means that SZA had the
greatest effect on the retrieval of SO2 VCD through all the factors.
It was confirmed that FWHM, SNR, and SZA had more influence
on SO2 VCD retrieval than AOD and Os VCD. When the SO VCD
was more than 1.5 DU, SNR converged to 25% at 650, 920, and 1300,
but showed good performance at less than 10% at SNR 3250. These
results suggest that it is more efficient to increase snr than to reduce
FWHM although increasing the SNR has the disadvantage that the

time resolution is reduced.

In this study, for the first time, we used ground-based direct
sun measurement simulated synthetic radiances to quantify the
uncertainty of the SO2 VCD for various conditions. Based on this

study, it is possible to qualitatively and quantitatively evaluate the
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uncertainty of SO2 VCD retrieval errors in ground-based direct sun
measurement instrument. Furthermore, in the future, it is possible
to suggest the specification of an instrument suitable for each local
environment conditions and to validate satellite-based remote

sensing more accurately.
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