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Abstract
A combined algorithm comprising multiple dust detection methods was developed using infrared (IR) channels onboard the
GEOstationary Korea Multi-Purpose SATellite 2A equipped with the Advanced Meteorological Imager (GK2A/AMI). Six cloud
tests using brightness temperature difference (BTD) were utilized to reduce errors caused by clouds. For detecting dust storms, three
standard BTD tests (i.e., BT12:3 � BT 10:5, BT8:7 � BT 10:5, and BT 11:2 � BT10:5 ) were combined with the polarized optical depth
index (PODI). The combined algorithm normalizes the indices for cloud and dust detection, and adopts weighted combinations of
dust tests depending on the observation time (day/night) and surface type (land/sea). The dust detection results were produced as
quantitative confidence factors and displayed as false color imagery, applying a dynamic enhancement background reduction
algorithm (DEBRA). The combined dust detection algorithm was qualitatively assessed by comparing it with dust RGB imageries
and ground-based lidar data. The combined algorithm especially improved the discontinuity in weak dust advection to the sea and
considerably reduced false alarms as compared to previous dust monitoring methods. For quantitative validation, we used aerosol
optical thickness (AOT) and finemode fraction (FMF) derived from low Earth orbit (LEO) satellites in daytime. For both severe and
weakened dust cases, the probability of detection (POD) ranged from 0.667 to 0.850 and it indicated that the combined algorithm
detects more potential dust pixels than other satellites. In particular, the combined algorithm was advantageous in detecting weak
dust storms passing over the warm and humid Yellow Sea with low dust height and small AOT.
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1 Introduction

Asian dust, lofted from the Gobi and Taklamakan deserts of
China and Mongolia, is one of the major pollutant species ad-
versely impacting air quality across the whole of East Asia,
including the Korean Peninsula (Wang et al. 2008a). Strong
winds under dry weather conditions carry away fine sand par-
ticles from their arid and semi-arid regions. Via the
compounding effects of saltation, these sands loft additional

particles into the atmosphere, subsequently spreading out over
surrounding areas. The incipient dust storms can result in severe
degradation of air quality and visibility (Wang et al. 2008b).
Although dust storms increase marine biological productivity
by adding iron-rich metals to the ocean, they have a significant
influence on regional climate, which occurs due to the change
in the Earth’s radiation balance (Seinfeld et al. 2004; Tan and
Wang 2014). The frequency of dust events affecting the Korean
Peninsula has increased significantly since the 2000s, thereby
the importance of Asian dust monitoring was emphasized
(Kurosaki and Mikami 2003; Kim 2008).

Since in-situ measurements with high accuracy and preci-
sion are point observations, they have limitation for monitor-
ing the detailed spatial distribution of a dust storm (Lei and
Wang 2014). Satellite-based remote sensing is necessary for
addressing the limitations of in-situ measurements. Several
techniques were developed based on various contemporary
satellite sensors such as the National Oceanic and
Atmospheric Administration (NOAA) Advanced Very High-
Resolution Radiometer (AVHRR), Suomi National Polar-
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orbiting Partnership (NPP) Visible Infrared Imaging
Radiometer Suite (VIIRS), Terra/Aqua Moderate Resolution
Imaging Spectroradiometer (MODIS), Himawari-8/9
Advanced Himawari Imager (AHI), and the Geostationary
Operational Environmental Satellite-R series Advanced
Baseline Imager (GOES-R/ABI) (Iino et al. 2004; Miller
et al. 2017; Zhang et al. 2018). Since these geostationary
(GEO) satellites have finer temporal resolution than low
Earth orbit (LEO) satellites, they are considered more advan-
tageous for monitoring the rapid evolution and advection of
dust storms (Wang et al. 2003; Li et al. 2007). However, the
dust detection methods in previous studies were optimized for
LEO satellites, and, thus, to obtain good performance for dust
monitoring from GEO satellites it is necessary to improve the
quality of the dust detection algorithm used for GEO satellites.

Due to 24-hr availability of IR channels, the importance of
dust detection based on IR channels has been emphasized rather
than visible (VIS) channels (Pierangelo et al. 2004). Since IR
channel’s response to dust is dependent on the size, distribution,
composition, and refractive indices of dust particles, it is nec-
essary to use the IR channels to retrieve dust information
(Sokolik and Toon 1999; Schepanski et al. 2007). Water vapor
absorbs more radiation in the 12 μm channel than the 11 μm
channel; however, the emissivity of dust near the 11μmchannel
is lower than the 12 μm channel (Shenk and Curran 1974).
Additionally, the emissivity of dust increased with particle size
near the 11 μm channel, whereas near the 8.6 μm channel, the
emissivity of dust was low (Salisbury and Eastes 1985;
Salisbury and Wald 1992). As satellite channels had been in-
creasing, it was possible to apply the additional brightness tem-
perature difference (BTD) methods using an 8.6 μm channel
(Roskovensky and Liou 2005; Hansell et al. 2007).

Although BTD methods are advantageous for dust monitor-
ing, they present numerous challenges. Spectral characteristics
of lofted dust were often found to be similar to the spectral
properties of the dust source regions depending on environmen-
tal conditions (Ashpole andWashington 2012; Liu et al. 2013).
Furthermore, since the performance and the thresholds of BTD
methods depend on the dust event, simultaneously using the
several methods has been recommended (Baddock et al.
2009). Accordingly, techniques for combining themultiple dust
detection methods and displaying the combined dust detection
algorithm have been proposed (Park et al. 2014; Miller et al.
2017). Since these combined algorithms also used the BTD
methods, uncertainty of the BTD methods based on error fac-
tors (i.e., thin clouds, low-altitude clouds, dust source regions)
is still present. Nevertheless, the combined dust detection algo-
rithm is considered to improve the accuracy of dust detection by
complementing the disadvantages of each method.

The National Meteorological Satellite Center (NMSC) of
the Korean Meteorological Administration (KMA) has moni-
tored Asian dust that affects the Korean Peninsula using in-
situ measurements and remote sensing. Korea’s first GEO

meteorological satellite, the Communication, Ocean, and
Meteorological Satellite (COMS), equipped with the
Meteorological Imager (MI), was launched on 26 June 2010.
COMS/MI had 10 μm and 12 μm channels and used the BTD
method to monitor the dust events. As the GEOstationary
Korea Multi-Purpose SATellite 2A (GEO-KOMPSAT 2A,
GK2A) was launched on 4 December 2018, it became possi-
ble to use the 8.7 μm channel and continuously monitor dust
storms throughout the day. As GK2A has more channels than
COMS/MI, including an 8.6 μm channel, it is expected to
monitor dust storms with better performance.

Thus, KMA forecasters have primarily used dust RGB im-
agery for dust monitoring. Furthermore, the current dust RGB
imagery is based on the recipe of the European Organization
for the Exploi tat ion of Meteorological Satell i tes
(EUMETSAT) (Moreira 2011). By using the dust RGB prod-
uct fromGEO satellites, it is possible to detect dust movement
by identifying continuous variations in the dust signal.
However, the dust RGB product, composed of the BTD using
the 8.7 μm, 11μm, and 12μm channels, can lead to confusion
as some of the surface and cloud features produce similar
colors as the dust storms, which is caused by the diurnal var-
iations of surface temperature and mixed pixels within thin
clouds. Therefore, it is necessary to develop a combined algo-
rithm with multiple dust detection methods to reduce the false
alarm factors and accurately detect the weaker dust storms.

The Korean Peninsula is affected by dust storms
transported from China across the Yellow Sea’s warm water
and moist air. Typically, when the dust reaches the Korean
Peninsula, it spans a layer from the surface up to an altitude of
1–2 km and is optically thinner than its source region, with
aerosol optical thickness (AOT) less than 1.When dust arrives
on the Korean Peninsula, its detection is challenging using
dust RGB imagery and previous single BTD methods.
Therefore, to improve the performance of dust detection, we
propose a new dust detection algorithm by combining several
cloud and dust tests. This study is organized as follows:
Section 2 presents the data used; Section 3 provides an over-
view of the combined dust detection algorithm and the method
is shown as false color imagery proposed by Miller et al.
(2017); qualitative validation (against RGB imagery and
ground-based lidar data) and quantitative validation (against
Suomi-NPP aerosol products) are shown in Section 4; and
Section 5 presents a summary and conclusion.

2 Data

2.1 GEO-KOMPSAT 2A (GK2A)

GK2A, which was launched in 4 December 2018 and has
been operated by the KMA NMSC, uses the Advanced
Meteorological Imager (AMI). The AMI sensor has four
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VIS channels, two short-wave infrared (SWIR) channels, four
mid-wave infrared (MWIR) channels, and six thermal infrared
(TIR) channels (Table 1). As GK2A/AMI has IR channels
useful for dust detection near 8.7 μm , 11 μm , and 12 μm ,
highly advanced dust detection methods proposed in previous
studies can be used (Iino et al. 2004; Zhang et al. 2018). The
spatial resolution of the VIS channels is 0.5 km or 1.0 km
(band dependent), and the spatial resolution of IR channels
is 2.0 km (Table 1). The observation data from GK2A/AMI
can be classified into full disk (FD, every 10 min), extended
local area (ELA, every 2 min), and local area (LA, every 2
min) depending on the spatial coverage. Given its high spatial
and temporal resolution, GK2A/AMI is more capable of mon-
itoring the onset, transport, and dissipation of dust storms than
COMS and other LEO satellites. In this study, we used FD
data to monitor the transport of dust storms originating in the
deserts of China and Mongolia as they reach the Korean
Peninsula.

2.2 Validation Data

2.2.1 Himawari-8

Himawari-8/AHI, which was launched on 7 October 2014, has
been used by the KMA NMSC to provide forecaster guidance
since 2017. We used the true color RGB imagery and the dust
RGB imagery from Himawari-8/AHI for qualitative validation.
The dust RGB imagery was made by referring to the dust RGB
recipe based on Meteosat Second Generation (MSG) Spinning
Enhanced Visible and Infrared Imager (SEVIRI) developed by

EUMETSAT. The BTD between the 12.3 μm and 10.4 μm
channels is applied for the red (R) component, while the BTD
of 10.4 μm and 8.6 μm channels is applied for the green (G)
component (Lensky and Rosenfeld 2008; Banks et al. 2013).
The BTD of the 10.4μmand 13.3μmchannels is applied for the
blue (B) component for the clear-sky and the high cloud tests,
unlike the recipe from MSG SEVIRI (Ganci et al. 2011). As a
result, the color of the dust pixels ranges from red to pink and
purple. The ability to continuously monitor the progression of a
dust storm when using dust RGB imagery from GEO satellites
can help overcome some of the color ambiguity in dust RGB
imagery. Thus, it is common to use the dust RGB imagery for
validation of the spatial distribution of a dust storm (Fuell et al.
2016; Ashpole andWashington 2012; Banks et al. 2013; Miller
et al. 2017).

2.2.2 Suomi-NPP (S-NPP)

Suomi-NPP (S-NPP) is a LEO satellite launched on October
28, 2011 and has been operated by National Aeronautics and
Space Administration (NASA). S-NPP/VIIRS has sixteen
moderate resolution bands, five imaging bands, and a day-
night band to observe the global environment, and its wave-
length ranges from 0.41 μm to 12.5 μm . NASA provides
aerosol products based on S-NPP/VIIRS in near real time.
For quantitative validation, among the aerosol products, we
used the AOT and fine mode fraction (FMF) of aerosol level 2
data (AERDB), which was based on the combination of the
Deep Blue (DB) algorithm and Satellite Ocean Aerosol
Retrieval (SOAR) algorithm (Sayer et al. 2018a). At nadir,

Table 1 Specifications of the
spectral channels of GK2A/AMI Channel No. Channel Name Min of wavelength

(μm )

Max of wavelength

(μm )

Resolution

(km � km)

1 VIS(VIS0.4) 0.431 0.479 1.0 � 1.0

2 VIS(VIS0.5) 0.5025 0.5175 1.0 � 1.0

3 VIS(VIS0.6) 0.625 0.66 0.5 � 0.5

4 VNIR(VIS0.8) 0.8495 0.8705 1.0 � 1.0

5 SWIR(NIR1.3) 1.373 1.383 2.0 � 2.0

6 SWIR(NIR1.6) 1.601 1.619 2.0 � 2.0

7 MWIR(IR3.8) 3.74 3.96 2.0 � 2.0

8 MWIR(IR6.3) 6.061 6.425 2.0 � 2.0

9 MWIR(IR6.9) 6.89 7.01 2.0 � 2.0

10 MWIR(IR7.3) 7.258 7.433 2.0 � 2.0

11 TIR(IR8.7) 8.44 8.76 2.0 � 2.0

12 TIR(IR9.6) 9.543 9.717 2.0 � 2.0

13 TIR(IR10.5) 10.25 10.61 2.0 � 2.0

14 TIR(IR11.2) 11.08 11.32 2.0 � 2.0

15 TIR(IR12.3) 12.15 12.45 2.0 � 2.0

16 TIR(IR13.3) 13.21 13.39 2.0 � 2.0
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AERDB has a spatial resolution of 6 km and determines at-
mospheric properties for daytime over cloud-free and snow-
free. The AOT is defined as the integral of light extinction by
the aerosol in the atmospheric column at 0.55 μm, and a high
AOT means that the atmospheric column of a pixel has a very
large amount of aerosol load (Wang et al. 2020). The FMF is
defined as the ratio of fine mode AOT to total AOT, and refers
to the contribution of fine aerosol to total AOT; a high FMF
infers that a pixel is in a fine aerosol (i.e., sulfate and anthro-
pogenic aerosol) dominated condition (Sayer et al. 2018b).

2.2.3 AD-Net Lidar Data

The Asian dust and aerosol light detection and ranging (lidar)
observation network (AD-Net) is a network of ground-based
lidars established to observe the properties of atmospheric aero-
sols, including dust. The network contributes to the Global
Atmospheric Watch (GAW) Aerosol Lidar Observation
Network (GALION) operated by World Meteorological
Organization (WMO) (Shimizu et al. 2017; Tsedendamba
et al. 2019). The standard lidar system of AD-Net is composed
of two-wavelength (1064 nm and 532 nm) polarization sensi-
tive Mie-scattering lidars. The data (sourced from https://www-
lidar.nies.go.jp/AD-Net/) are transferred by the National
Institute for Environmental Studies, Japan, and 20 stations are
operated by specific research institutes (Sugimoto et al. 2008).
For qualitative validation, we used data from two stations,
Gwanak Seoul (37.46 °N, 126.95 °E) and Gosan Jeju (33.29
°N, 126.16 °E), located in Korea (Fig. 1). These stations pro-
duce the following atmospheric properties every 15 min: atten-
uated backscatter coefficient (532 nm and 1064 nm), volume
depolarization ratio (532 nm), aerosol extinction coefficient
(532 nm), dust extinction coefficient (532 nm), spherical parti-
cle extinction coefficient (532 nm), aerosol depolarization ratio
(532 nm), and estimated mixing layer height.

3 Methodology

Clouds, whose spectral properties are often similar to dust
storms, are a major cause of false alarms in dust detection,
and, thus, previous studies have emphasized discriminating
dust from clouds (Roskovensky and Liou 2005; Hansell et al.
2007). As the BTDs are often similar among dust storms and
cirrus clouds, low thin clouds, and fog, it was essential to elim-
inate potential false alarms by accurately detecting the clouds.
Cloud detection has been investigated using various methods;
however, BTD characteristics are significantly affected by sur-
face temperature and surface type (MODIS Cloud Mask Team
2010). Therefore, we combined multiple cloud tests to reduce
false alarms, which are described in Section 3.1.

Since the spectral response of a dust storm varies with
environmental conditions, the performance and the thresholds

of BTDmethods depend on the dust event. Thus, it is difficult
to detect the dust via the binary product (dust or non-dust), and
simultaneously using several methods has been recommended
(Baddock et al. 2009). When combined dust test is used, it is
possible to solve drawbacks of the binary product and retrieve
continuous dust detection products in diverse meteorological
conditions, which are described in Section 3.2.

In the proposed algorithm, unlike the binary products, we
calculate the continuous cloud detection (CD ) and dust de-
tection (DD ) parameters, which range from 0.0 (confident
clear-sky or non-dust) to 1.0 (confident cloudy or dust), by
applying a normalization, as shown in Eq. 1. A similar nor-
malization approach was used by Miller et al. (2017) in the
Dynamic Enhancement Background Reduction Algorithm
(DEBRA), thereby suggesting that normalized parameters
can improve the accuracy of dust monitoring to suppress the
abnormal and irregular sharp gradients. A general form of
each normalized parameter is defined as follows:

Nx ¼ x−MINx

MAX x−MINx
ð1Þ

where Nx indicates the normalized index of parameter x, and
MINx and MAX x represent the minimum value (MIN) and
maximum value (MAX) of parameter x, respectively. Not on-
ly does each satellite have a different spectral response func-
tion and a different center wavelength of channels with respect
to data, but also the BTD characteristics vary depending on
environmental conditions of dust events (Baddock et al.
2009). Thus, even if the same BTD method was used, it is
necessary to retrieve the optimal threshold with respect to the
data used and the study area. In this study, empirical thresh-
olds optimized for GK2A/AMI and East Asia were used.
When the value of x is below MIN or above MAX, it is
truncated to these bounds to ensure the range from 0.0 to 1.0.

3.1 Cloud Tests

For retrieval of the CD parameters, we applied six cloud tests
(Fig. 2). First, we defined the BTD test for overall cloud and
cold cloud. As the atmospheric window (clean window) chan-
nel near 10.5 μm is scarcely affected by atmospheric water
vapor, it can detect cold clouds based on the background bright-
ness temperature (Key 2002; Frey et al. 2008) as follows:

CDI1 ¼ 1−
BT10:5−MINCDI1

MAXCDI1−MINCDI1
ð2Þ

whereMAXCDI1 is the highest brightness temperature (BT) near
10.5μm during reference periods. When the BT has the highest
value during a reference period, we assume that the pixel is in
clear-sky. The reference period should be long enough for each
pixel to be cloud free at least one day and short enough not to be
affected by seasonal variations. Previous studies set the period
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of reference imagery from 10 days to 30 days (Knapp et al.
2005; Hu et al. 2008; Ashpole and Washington 2012; Liu
et al. 2013; Park et al. 2014). Since the lowest bias and root-
mean-square errors were produced when using a 14-day win-
dow (Knapp et al. 2005), we used a 14-day window for the
reference imagery and setMINCDI1 as (MAXCDI1 � 40 ).

Next, we defined the 2nd BTD test for thick high clouds
and deep convective clouds and used the BTD between the
10.5μm channel and the 6.3μm channel (Schmetz et al. 1997;
Miller et al. 2017) as follows:

CDI2 ¼ BT 6:3−BT10:5ð Þ−MINCDI2

MAXCDI2−MINCDI2
ð3Þ

where MINCDI2 and MAXCDI2 are − 25.0 and − 15.0, respec-
tively. We defined the 3rd BTD test for nighttime clouds over
a humid surface and used the BTD between the 7.3 μm chan-
nel and the 8.7μm channel (MODIS CloudMask Team 2010)
as follows:

CDI3 ¼ BT 7:3−BT8:7ð Þ−MINCDI3

MAXCDI3−MINCDI3
ð4Þ

where MINCDI3 and MAXCDI3 are − 11.0 and − 5.0, respec-
tively. We defined the 4th BTD test for clear-sky and used the
BTD between the 7.3 μm channel and the 10.5 μm channel
(Liu et al. 2004; Frey et al. 2008) as follows:

CDI4 ¼ BT 7:3−BT10:5ð Þ−MINCDI4

MAXCDI4−MINCDI4
ð5Þ

where MINCDI4 and MAXCDI4 are − 11.0 and − 5.0, respec-
tively. We defined a 5th BTD test particularly for nighttime

clouds over a cold surface and used the BTD between the 6.9
μm channel and the 10.5 μm channel (Ackerman 1996; Liu
et al. 2004) as follows:

CDI5 ¼ BT 6:9−BT10:5ð Þ−MINCDI5

MAXCDI5−MINCDI5
ð6Þ

where MINCDI5 and MAXCDI5 are − 15.0 and − 9.0, respec-
tively. We defined a 6th BTD test for clear-sky and used the
BTD between the 13.3 μm channel and the 10.5 μm channel
(Trepte et al. 2006; Frey et al. 2008) as follows:

CDI6 ¼ BT 13:3−BT 10:5ð Þ−MINCDI6

MAXCDI6−MINCDI6
ð7Þ

where MINCDI6 and MAXCDI6 are − 8.0 and − 3.0,
respectively.

Using Eq. 2 to Eq. 7, our two combined parameters,
CDIcom1 and CDIcom2, are defined as follows:

CDIcom1 ¼ CDI1þ CDI2þ CDI3ð Þ−MINCDIcom1

MAXCDIcom1−MINCDIcom1
ð8Þ

CDIcom2 ¼ CDI4þ CDI5þ CDI6ð Þ−MINCDIcom2

MAXCDIcom2−MINCDIcom2
ð9Þ

where MAX of CDIcom1 and CDIcom2 are 2.1, and MIN of
CDIcom1 and CDIcom2 are 0.3. The final CD parameter is
defined as follows:

CD ¼ CDIcom1 þ CDIcom2ð Þ−MINCD

MAXCD−MINCD
ð10Þ

where MINCD and MAXCD are 0.0 and 1.8, respectively.

Fig. 1 Map of East Asia
including Korea, Russia, Japan,
China, and Mongolia. Blue stars
and text indicate the locations and
names of AD-Net lidar stations
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The final value of the CD parameter ranges from 0.0
(confident non-cloudy) to 1.0 (confident cloudy). Figure 3
shows an example of the CD parameter applied to the
GK2A/AMI data, observed on 28 October 2019 at 07:00
UTC (28 October 2019 at 16:00 KST, Korea local standard
time). A strong southwesterly wind blew counterclockwise
associated with a mid-latitude cyclone over Manchuria. In
the red VIS channel, the reflectance of dust storm had values
as high as cloud; however, in the 10.5 μm channel, the BT of
cloud was lower than dust storm (Fig. 3a and b).
Figure 3c shows that the CD parameter was well correlated
with the cloud pixels, and the parameter continuously sup-
pressed regions where the probability of dust storms was low.

3.2 Dust Tests

The dust detection algorithm proposed in this study is com-
posed of four dust tests (Fig. 4). In a similar fashion to cloud
detection, we derive a set of normalized dust detection index (
DDI ) which range from 0.0 to 1.0. Using the normalizedDDI
and the CD parameter, we compute the final DD parameter
ranging from 0.0 (confident non-dust) to 1.0 (confident dust).

A widely-used BTD test for dust storms is the BTD be-
tween the dirty window channel near 12.3 μm and the clean
window channel near 10.5μm (Iino et al. 2004; Darmenov and
Sokolik 2005).Water vapor absorbs more radiation in the 12.3
μm channel than the 10.5 μm channel; on the contrary, the
emissivity of dust in the 10.5 μm channel is lower than that of
the 12.3μm channel (Shenk and Curran 1974; Takashima and
Masuda 1987; Wald et al. 1998). Based on the spectral char-
acteristics, we defined DDI1, the 1st dust deletion test, as
follows:

DDI1 ¼ BT 12:3−BT10:5ð Þ−MINDDI1

MAXDDI1−MINDDI1
ð11Þ

In general, due to spectral characteristics, the BTD between
the 12.3μm and 10.5μm channels is positive in the dust storm,
and zero or negative in the cloud and clear-sky (Ackerman
et al. 1998). However, the BTD can be positive for various
aerosol and cloud conditions (Prata 1989; Iino et al. 2004;
Watson et al. 2004). Moreover, the mixture of water vapor
and dust can have negative BTDs depending on the composi-
tion ratio (Miller et al. 2019). Therefore, in this study, to detect
both a strong signal of a dust storm and a weak signal of a
mixture, we used − 1.0 and 1.5 as the values ofMINDDI1 and
MAXDDI1, respectively.

The BTD between the 12.3μm and 10.5μm channels in the
dust source region (i.e., deserts) is often similar to a dust
storm. To reduce these false alarms, previous studies used
the BTD between the 8.7μm channel and the 10.5μm channel
(Darmenov and Sokolik 2005; Liu et al. 2013). At the 10.5μm
channel, the emissivity of dust increased with particle size of
dust, whereas at the 8.7μm channel, the emissivity of dust was
low, due to the reststrahlen band (Salisbury and Eastes 1985;
Takashima and Masuda 1987; Salisbury and Wald 1992;
Wald et al. 1998). Based on the spectral characteristics, we
defined DDI2, the 2nd dust test, as follows:

DDI2 ¼ BT 8:7−BT10:5ð Þ−MINDDI2

MAXDDI2−MINDDI2
ð12Þ

whereMINDDI2 andMAXDDI2 are − 3.0 and − 0.5, respective-
ly. In general, the dust on the desert surface is composed of
large particles, while the lofted dust storms are composed of
small particles. Thus, the BTD between the 8.7 μm and 10.5
μm channels is higher in dust storms than in their source
regions such as arid and semiarid regions (Wald and
Salisbury 1995; Wenrich and Christensen 1996; De Paepe
and Dewitte 2009).

As the dust intensity weakens, BTs of IR channels show
different increasing patterns depending on the channels. In
general, dust shows lower BT near 11.2 μm than 12.3 μm,

Fig. 2 Flow diagram of cloud
detection for the GK2A/AMI
combined dust detection
algorithm
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and higher BT near 11.2 μm than 10.5 μm, due to the extinc-
tion by absorption and scattering (Sokolik 2002). However,
for a weak dust storm with low AOT(< 0.2), the BT of the 11
μm channel is higher than 12 μm channel, and the detection
performance of BTD between the 10 μm channel and 12 μm
channel was degraded compared to the detection of strong
dust storms (Xu et al. 2014). When the dust storm reached
the Korean Peninsula, because it is transported over a long
distance from source regions and passes through the Yellow
Sea, its intensity decreases and water vapor is mixed.
Therefore, to detect a weak Asian dust mixed with water va-
por, we defined DDI3, the 3rd dust test, as follows:

DDI3 ¼ BT 11:2−BT10:5ð Þ−MINDDI3

MAXDDI3−MINDDI3
ð13Þ

where MINDDI3 and MAXDDI3 are − 1.0 and 1.0, respectively.
The BTD between the 11.2 μm and 10.5 μm channels is
generally positive for dust pixels but can be negative depending
on water vapor content and dust storm intensity (Xu et al. 2014).

Since the spectral responses in IR channels (especially the
12.3 μm channel) are also sensitive to water vapor, false
detection or non-detection frequently occur over ocean and
surrounding humid regions when using previous BTD tests
(Legrand et al. 2001; Chaboureau et al. 2007). Therefore, to
monitor dust events passing over the Yellow Sea, we defined
DDI4, the 4th dust test, as follows:

DDI4 ¼ Nr−MINDDI4

MAXDDI4−MINDDI4
ð14Þ

where Nr represents the polarized optical depth index (PODI,
or adjusted refractive index), andMINDDI4 andMAXDDI4 are
1.1 and 1.8, respectively. The PODI is the refractive index of
the medium and is used to detect dust storms (Hong 2009).
Based on the Fresnel equation and the definition of unpolar-
ized reflectivity (Liou 2002; Sohn and Lee 2013; Lee and
Sohn 2015), the PODI is calculated as follows:

R ¼ 1−
B Tð Þ
B TSð Þ ð15Þ

R ¼ Rh þ Rv

2
ð16Þ

Rv ¼ Rh
2 1þ Rh

−1=2cos 2θ

1þ Rh
1=2cos 2θ

� �2

ð17Þ

Nr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4Rh

1=2cos2θ

Rh
1=2−1

� �2
vuut ð18Þ

whereR is the reflectivity;Rh andRv indicate the horizontal and
vertical components of reflectivity, respectively;θ is satellite
zenith angle; and B Tð Þ and B TSð Þ represent the observed
radiance and background radiance, respectively. We used
the maximum radiance of the 10.5μm channel during 14 days
for B TSð Þ.

To combine theDDI s, we defined two different combined
equations for land and sea separately, as follows:

DDILand ¼ max DDI1;DDI3ð Þ þ 2 DDI3ð ÞDDI2 1−CDð Þ
ð19Þ

DDISea ¼ DDI2þ 2 DDI4ð ÞDDI3 1−CDð Þ ð20Þ
where maxðA;BÞ represents the MAX between A and B.
DDILand and DDISea are the normalized DDI over land and
sea, respectively. When normalizingDDILand, due to changes
in the BTDs with diurnal variations of surface temperature, we
set different bounds for daytime (1.2 and 2.6) and nighttime
(1.6 and 3.0). When normalizing DDISea , due to the high
specific heat of water, regardless of the time of day, we used
MIN and MAX as 0.7 and 2.1, respectively.

For the terminator, normalizedDDI s can be derived by the
blending method. To blend the DDI s across the terminator,
we used a weighting function with the cosine of the solar
zenith angle as follows (Miller et al. 2017):

Fig. 3 a Reflectance of the visible channel (0.6 μm), b brightness temperature of the thermal infrared channel (10.5 μm), and c derived cloud detection
(CD parameter) from GK2A/AMI at 07:00 UTC on 28 October 2019 (28 October 2019 16:00 KST)
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Bland ¼ cos θSun−MINB

MAXB−MINB

� �1:5
ð21Þ

whereMINB andMAXB are cos105o and cos75o, respectively.
θSun indicates the solar zenith angle. Since the sunset and
sunrise do not immediately affect the surface temperature, to
effectively reflect time lag of the change in the surface tem-
perature by sunset and sunrise, we defined the terminator re-
gions from 75° to 105°.

Finally, the weighting function was applied to theDDI s as
follows:

DDland ¼ BlandDDILand=daytime þ 1−Blandð ÞDDILand=nighttime
� �

ð22Þ
where DDILand=daytime and DDILand=nighttime indicate the nor-
malized DDILand in daytime and nighttime, respectively. The
blending method across the terminator regions is able to re-
flect the natural transition of the sun and eliminate the discon-
tinuity of the dust detection signal (Miller et al. 2017). The
values of the DD parameter defined in this study range from
0.0 (confident non-dust) to 1.0 (confident dust).

Figure 5 shows an example of theDD parameter applied to
GK2A/AMI data, observed on 28 October 2019 at 07:00 UTC
(28 October 2019 at 16:00 KST). Strong southwesterly dust
storms were transported from Hebei and Qingdao and passed
over the northern Yellow Sea. The dust storm pixels are not
displayed in the BT near 10.5μm; however, they are observed
clearly in the DDI product (Fig. 5a-e). In the DDI2 product,
the values for the dust source regions are low, discriminated
from the dust storm itself, but the values for clouds are as high
as the dust storm (Fig. 5c). The DDI1 and DDI3 products
showed high values for the dust storm, discriminated from
clouds; however, in comparison with the DDI1 product, the
DDI3 product clearly detected weak dust pixels (Fig. 5b and
d). The DDI4 product was useful for distinguishing the weak

dust pixels from the non-dust pixels in the sea areas (Fig. 5e).
Figure 5f shows that the final DD parameter, was highly
correlated with dust pixels and suppressed regions where the
probability of the dust storm was low.

3.3 Construction of False Color Imagery

We used false color imagery to display theDD parameter and
adopted the DEBRA developed by Miller et al. (2017). First,
we defined the baseline imagery (BI). To prevent discontinu-
ity from using different BI depending on the observation time,
we employed the 10.5 μm channel for the BI regardless of the
time of day as follows:

BI ¼ 1−
BT10:5−MINBI

MAXBI−MINBI
ð23Þ

where MINBI and MAXBI indicate the MIN and MAX of BT
near 10.5 μm in the domain, respectively. The BT near 10.5
μm can change depending on the surface temperature and
atmospheric conditions and we used the 90 % upper limit
and 10% lower limit as the MAX and MIN.

For dust-enhanced false color imagery, we modulated the
BI with theDD parameter and a weighting factor in each color
gun (R, G, and B component) to emphasize the pixels with
higherDD parameters (Miller et al. 2017, 2020). In this study,
each color component is represented as follows:

Red component ¼ BI 1−min DD; 0:5ð Þð Þ þ DD ð24Þ
Green component ¼ BI 1−min DD; 0:5ð Þð Þ þ 0:1 DD ð25Þ
Blue component ¼ BI 1−min DD; 0:5ð Þð Þ þ DD ð26Þ
whereminðA;BÞ represents theMIN between A and B, and the
MIN and MAX of each color gun are 0.0 and 1.2, respective-
ly. The color of dust storm pixels changes depending on the
combination of the weighting factor applied to the DD param-
eter of each color gun (Miller et al. 2017). We applied the

Fig. 4 Flow diagram of dust
detection for the GK2A/AMI
combined dust detection
algorithm
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weighting factor of 0.1 in G component (Eq. 25) to display the
dust storm as magenta. The false color imagery to display DD
parameter combined with BI diminishes false detection of
algorithm. For example, low thin clouds and fogs are frequent-
ly false-detected as dust storms with a low DD parameter due
to their IR spectral properties similar to dust storm. Because
low thin clouds and fogs have low BT near 10.5 μm , their
pixels shows a high BI. As a result, values of each color gun of
the pixels with a high BI and low DD close to MAX, and the
false-detected pixels are displayed as gray similar to clouds
and undetected pixels. Thus, false detections with low DD
parameter are reduced in false color imagery, and the method
is advantageous for operational dust monitoring in real time.

4 Results

A dust event that occurred during 27–29 October 2019 was
selected to validate the combined dust detection algorithm.
The dust originated in the desert areas of northern China and
Mongolia, was carried aloft to the southeastern regions in
China, and ultimately reached the Korean Peninsula. As
shown in Fig. 6, surface weather charts, 925 hPa stream line,

and column integrated particulate matter 10 micrometers or
less in diameter (PM10 ) derived from the Asian Dust Aerosol
Model (ADAM) were used to explain the onset, transport, and
dissipation of Asian dust. The ADAM was originally devel-
oped by integrating the Asian dust emissions algorithm, a
chemical transport model, and Community Multiscale Air
Quality (CMAQ) model (In and Park 2003; Park and In
2003; Byun and Schere 2006). Then, KMA has improved
the ADAM by combining anthropogenic emissions with a
daily dust emissions reduction factor and assimilating in-situ
PM and satellite-derived AOT (Hong et al. 2019; Lee et al.
2019).

A migratory cyclone was located in northern Mongolia on
27 October 2019 at 00:00 UTC (27 October 2019 at 09:00
KST), which raised dust by upward airflow (Fig. 6a-c). As the
cyclone intensified, more fine dust was lofted into the atmo-
sphere and PM10 was increased. As the cyclone moved to
eastern Mongolia on 27 October 2019 at 18:00 UTC (28
October 2019 at 03:00 KST), dust spread out to Hebei and
Manchuria (Fig. 6d-f). As the cyclone moved overManchuria,
the dust rotated counterclockwise around the cyclone, and
moved over Qingdao, Nanjing, the Bohai Sea, the Yellow
Sea, and the northern Korean Peninsula by the anticyclone

Fig. 5 a Brightness temperature of the thermal infrared channel (10.5 μm), b dust detection index (DDI) 1, cDDI2, d DDI3, e DDI4, and f derived dust
detection (DD) parameter from GK2A/AMI observed at 07:00 UTC on 28 October 2019 (28 October 2019 16:00 KST)
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on 28 October 2019 by 12:00 UTC (28 October 2019 at 21:00
KST) (Fig. 6g-i). As the cyclone moved to eastern Manchuria,
the anticyclones were intensified in eastern China. On 29
October 2019 at 06:00 UTC (29 October 2019 at 15:00
KST), the dust storms were transported over Shanghai,
Hangzhou, the southern Yellow Sea, the southern Korean
Peninsula, and the East Sea by northwesterly winds blown
from the anticyclone (Fig. 6j-l).

4.1 Comparison with Ground‐based Lidar

For selected dust cases, we used AD-Net data to calculate the
aerosol extinction coefficient, spherical extinction coefficient,
and depolarization ratio to compare with the results from the
combined dust detection algorithm from GK2A/AMI. The
aerosol extinction coefficient is a parameter that measures
the extinction coefficient of non-spherical aerosols such as
dust. The spherical extinction coefficient is a parameter ob-
serving the extinction coefficient of spherical aerosols includ-
ing air pollutants, sea salt, and sulfate. The depolarization ratio
represents the ratio of non-spherical aerosols in all aerosols
(Sugimoto et al. 2003, 2013). In general, for pure dust, the
attenuated backscatter coefficient, dust extinction coefficient,
and depolarization ratio have high values, whereas the spher-
ical extinction coefficient has a low value (He and Yi 2015;
Zhou et al. 2018).

On 28 October 2019 at 18:00 UTC (29 October 2019 at
03:00 KST), the dust storm moved from Shanghai over the
Yellow Sea, and eventually reached Seoul, Korea. At that
time, the Gwanak Seoul station observed a high dust extinc-
tion coefficient of 0.36 /km, high volume depolarization ratio
of 0.31, and low sphere extinction coefficient of 0.03 /km
(Fig. 7a). In the combined dust detection algorithm from the
GK2A/AMI, the weakened dust storm was widely distributed
around the Gwanak Seoul station (Fig. 7b). On 29 October
2019 by 06:30 UTC (29 October 2019 at 15:30 KST), the dust
storm had moved from Nanjing, Hangzhou, and Shanghai, to
pass over the southern regions of the Yellow Sea, and reach
Jeju Island. At that time, the Gosan Jeju station observed a
high dust extinction coefficient of 0.32 /km, high volume de-
polarization ratio of 0.19, and high sphere extinction coeffi-
cient of 0.31 /km (Fig. 7c). In the combined dust detection
algorithm from the GK2A/AMI, the weakened dust storm was
widely distributed around the Gosan Jeju station (Fig. 7d).

The dust storms, which were observed at the Gwanak
Seoul station (Fig. 7a and b) and the Gosan Jesu station
(Fig. 7c and d), had a similar source region and transportation
route; however, they showed different properties (Fig. 7b and
d). The dust storm observations at the Gwanak Seoul station
showed a low sphere extinction coefficient, whereas observa-
tions at the Gosan Jeju station showed a high sphere extinction
coefficient (Fig. 7a and c). Based on previous studies, the dust
storm observed at the Gwanak Seoul station showed the

typical characteristics of a pure dust storm (He and Yi 2015;
Zhou et al. 2018). In comparison, before the dust storm
reached Jeju Island, the Gosan Jeju station measured a high
spherical extinction coefficient of 0.58 /km. When the dust
storm reached Jeju Island, the dust extinction coefficient in-
creased and showed a high value of 0.26 /km (Fig. 7c).
Although the spherical extinction coefficient decreased, it still
showed a high value of 0.28 /km compared with the observed
at Gwanak Seoul station (Fig. 7a and c). This means that the
spherical aerosols (mostly air pollutants) reached Jeju Island
before the dust storm, and the dust observed at the Gosan Jeju
station on 29 October 2019 at 06:30 UTC (29 October 2019 at
15:30 KST) was mixed with air pollution aerosols (Sugimoto
et al. 2015).

4.2 Comparisons of Dust Imagery Products During the
Day

For qualitative evaluation at daytime, we used the true
RGB imagery and the current dust RGB imagery from
Himawari-8/AHI (developed by KMA NMSC). On 27
October 2019 at 05:40 UTC (27 October 2019 at 14:40
KST), a dust storm originating in northern China and
Mongolia moved to the southeastern regions by
northwesterly winds (Fig. 8a–c). It was difficult to distin-
guish the lofted dust from the dust source regions in the
true RGB imagery. The dust RGB imagery was able to
capture the dust storm, but similar colors over the source
region and surrounding land areas confused dust monitor-
ing (Fig. 8a and b). The lofted dust was more clearly
detected by using the combined dust detection algorithm
applied to GK2A/AMI. The regions with high DD values
match the magenta regions in the dust RGB imagery well
(Fig. 8c).

On 29 October 2019 at 02:10 UTC (29 October 2019 at
11:10 KST), a weak dust storm tracked from Nanjing,
Hangzhou, and Shanghai to the southern Yellow Sea and
Korean Peninsula and was widely distributed. It was fur-
ther transported to the southeastern regions by northwest-
erly winds and extended northeast (Fig. 8d–f). In the true
RGB imagery, it was difficult to detect the dust over land
owing to similar signals from the land surface in eastern
China, but the overall distribution of the dust over the sea
was detected due to the low reflectance of the sea (Fig. 8d).
In the Yangtze River Estuary and Bohai Sea, as water with
high suspended particulate matter (SPM) showed similar
reflectance to the dust, it was difficult to accurately detect
the dust storm over the sea in the true RGB imagery. In the
dust RGB imagery, the lofted dust over land and sea was
effectively detected. However, as the dust weakened, their
colors became similar to the surrounding regions (Fig. 8e).
Although the dust weakened and the value of the DD pa-
rameter decreased, the dust pixels in the new dust-

Korean Meteorological Society

54 J. Jang et al.



enhanced imagery were clearly separated from the sur-
rounding pixels with a higher confidence than in the dust
RGB imagery. It was difficult to monitor the dust storm in
the dust RGB imagery when it moved to the northern East
Sea. However, it could be clearly detected using the com-
bined dust detection algorithm (Fig. 8f).

4.3 Comparisons with Satellite‐based Dust Products in
Dawn and Dusk

To account for the diurnal variations in IR channels, we ap-
plied different thresholds for daytime and nighttime in land,
and defined the terminator region for the blending technique.

Fig. 6 Surface weather charts for the Asian dust storm, where the red
weather symbols represent the dust storm by in-situ measurement and the
yellow coloured areas indicate the forecasted dust storm, 925 hPa stream
line for UM GDAPS model, and forecast charts for Asian Dust Aerosol
Model 3 (ADAM3) simulated column integrated PM10 produced by

Korean Meteorological Administration (KMA) on (a-c) 27 October
2019 at 00:00 UTC (27 October 2019 at 09:00 KST), (d-f) 27 October
2019 at 18:00 UTC (28 October 2019 at 03:00 KST), (g-i) 28 October
2019 at 12:00 UTC (28 October 2019 at 21:00 KST), and (j-l) 29 October
2019 at 06:00 UTC (29 October 2019 at 15:00 KST)
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Therefore, it is necessary to verify the continuity of dust de-
tection by the new algorithm. For qualitative evaluation, we
used the true RGB imagery and the current dust RGB imagery
from Himawari-8/AHI. On 27 October 2019 at 22:40 UTC
(28 October 2019 at 07:40 KST), strong dust lofted over
Hebei and Qingdao, and was advected to the Bohai Sea. The
overall dust storm was transported to the southeastern regions
by northwesterly winds (Fig. 9a–c). Since it was observed at
dawn, the strong dust storm over Hebei and the Bohai Sea was
not detected in the true RGB imagery, unlike in the dust RGB
imagery (Fig. 9a and b). In the dust-enhanced imagery from
the GK2A/AMI, the regions of high DD parameter values

were consistent with the dust distributions in the dust RGB
imagery (Fig. 9c).

On 28 October 2019 at 08:40 UTC (28 October 2019 at
17:40 KST), the dust storm over Hebei was transported to the
southeastern regions and reached the northern Yellow Sea.
The dust storm was affected by the cyclone located in
Manchuria, and the distribution of dust extended towards the
northeast (Fig. 9d–f). At dusk, the dust storm over the northern
Yellow Sea was not detected in the true RGB imagery
(Fig. 9d). In the dust RGB imagery, the dust storm over the
northern Yellow Sea was detected clearly. However, it was
difficult to accurately detect the dust storm due to the

Fig. 7 Measurements (attenuated backscatter coefficient, volume
depolarization ratio, dust extinction coefficient, and sphere extinction
coefficient) observed at (a) Seoul station and (c) Jeju station, where the
dashed black lines represent the observation time of GK2A/AMI, and the

derived dust detection from GK2A/AMI observed on (b) 28 October
2019 at 18:00 UTC (29 October 2019 at 03:00 KST) and (d) 29
October 2019 at 06:30 UTC (29 October 2019 at 15:30 KST), where
the blue stars indicate the locations of the AD-Net stations

Korean Meteorological Society

56 J. Jang et al.



weakened dust signal over the Bohai Sea (Fig. 9e). In the dust-
enhanced imagery from the GK2A/AMI, the regions of high
DD parameter were consistent with the dust distributions in
the dust RGB imagery, and the combined algorithm showed
better performance for the detection of dust airborne over the
northern Yellow Sea and eastern China, as compared to the
dust RGB imagery (Fig. 9f).

On 28 October 2019 at 22:20 UTC (29 October 2019 at
07:20 KST), the weak dust storm that moved from Nanjing
and Shanghai to the southern Yellow Sea, southern Korean
Peninsula, and the East Sea was widely distributed. The dust
distribution extended northeast by the cyclone located in east-
ern Manchuria; however, the overall dust storm was
transported to the southeastern regions (Fig. 9g–i). Since it
was observed at dawn, the dust storm was not shown in the
true RGB imagery (Fig. 9g). Although the dust storm was
detected in the dust RGB imagery, the weak dust storm over
land and sea was not clearly shown (Fig. 9h). In the combined
dust detection algorithm, the regions of high DD parameter
values matched the dust distribution in the dust RGB imagery
well, and the combined algorithm showed better performance
for the detection of weak dust lofted over both land and sea, as
compared to the dust RGB imagery (Fig. 9i).

4.4 Comparisons with Satellite‐based Dust Products in
the Nighttime

For qualitative evaluation at nighttime, we used the 10.5 μm
channel imagery fromGK2A/AMI and the dust RGB imagery
from Himawari-8/AHI. On 27 October 2019 at 16:30 UTC
(28 October 2019 at 01:30 KST), a dust storm was transported
to the southeastern regions by northwesterly winds and was
partially affected by the cyclone located at the border of south-
eastern Mongolia (Fig. 10a–c). The dust RGB imagery clearly
detected the dust, and the results of the combined dust detec-
tion algorithm from the GK2A/AMI were consistent with
those of the dust RGB imagery (Fig. 10b and c). The partial
region of dust, detected as a strong dust storm in the dust RGB
imagery and the result of the combined dust detection algo-
rithm, is displayed in blurred grey and distinguished from the
neighboring clouds in the 10.5μm channel imagery (Fig. 10a).
In particular, the dust signal, enclosed by the clouds of the
cyclone located over western Manchuria, was shown very
weak in the dust RGB imagery, but the dust signal was well
visible in the combined dust detection algorithm.

On 28 October 2019 at 13:50 (28 October 2019 at 22:50
KST), the dust storm lofted fromHebei to the Yellow Sea was

Fig. 8 True RGB images and dust RGB images derived from Himawari-8/AHI, and the derived dust detection from GK2A/AMI observed on (a-c) 27
October 2019 at 05:40 UTC (27 October 2019 at 14:40 KST) and (d-f) 29 October 2019 at 02:10 UTC (29 October 2019 at 11:10 KST)
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moved to the Korean Peninsula and transported to the south-
eastern regions (Fig. 10d–f). In the 10.5 μm channel, the
decreased BT was detected due to the dust storm over the
sea, but the dust storm over the land was not differentiated
from the surrounding area (Fig. 10d). In the dust RGB imag-
ery, the overall dust storm was shown, but the weakened dust
over the sea was not discriminated from fog. It was also diffi-
cult to identify the weakened dust over eastern China due to
the reduced dust signal (Fig. 10e). Compared with the dust
RGB imagery, the combined dust detection algorithm showed

better performance in distinguishing the weakened dust air-
borne over the sea from fog. However, the weak dust over
eastern China was still not well detected (Fig. 10f).

4.5 Comparisons with Satellite‐based Dust Products in
Coastal Regions

When the BTD based on IR channels was used to detect dust
storms, false alarms and discontinuity in the coastal boundary
area were found frequently. This was due to a difficulty in

Fig. 9 True RGB images and dust RGB images derived from Himawari-
8/AHI, and the derived dust detection from GK2A/AMI observed on (a-
c) 27 October 2019 at 22:40 UTC (28 October 2019 at 07:40 KST), (d-f)

28October 2019 at 08:40UTC (28October 2019 at 17:40KST), and (g-i)
28 October 2019 at 22:20 UTC (29 October 2019 at 07:20 KST)

Korean Meteorological Society

58 J. Jang et al.



properly reflecting the environmental condition based on the
surface type. To resolve the limitations, we proposed a differ-
ent algorithm for detecting the dust storm lofted over land
(Eq. 19) and sea (Eq. 20). Thus, it is necessary to examine
the continuity of the dust detection method along the bound-
ary between land and sea. To evaluate this discontinuity, we
sorted out the daytime cases, including the widely distributed
dust events over land and sea discussed in Section 4.2, but for
different times.

On 28 October 2019 at 04:50 UTC (28 October 2019 at
13:50 KST), a strong dust storm over Qingdao and the Bohai
Sea was transported southeast, and the partial dust storm was
affected by the cyclone located over Manchuria (Fig. 11a–c).
On 29 October 2019 at 00:20 UTC (29 October 2019 at 09:20
KST), the weakened dust storm moved from Nanjing,
Hangzhou, and Shanghai to the southern regions of the
Yellow Sea, Korean Peninsula and East Sea, and was widely
distributed over the southeastern regions, extending toward
the northeast (Fig. 11d–f). In the true RGB imagery, it was
difficult to clearly identify the spatial distribution of dust
storms over the Bohai Sea and the Yangtze River Estuary
due to the reflectance of high SPM water (Fig. 11a and d).

The overall pattern of the dust storm was shown in the dust
RGB imagery (Fig. 11b and e), but it was difficult to detect the
weakened dust lofted over eastern China and the Korean
Peninsula (Fig. 11e). In the new dust-enhanced imagery from
the GK2A/AMI, the dust storm over the land and sea was
continuously shown and was well detected over the coastal
regions of the Bohai Sea and Yangtze River Estuary
(Fig. 11c).

4.6 Comparisons with LEO Satellite Products

The FMF and AOT depend on the dust event characteristics,
including the intensity and source region of the dust storm and
the surface property (Kaufman et al. 2005; Jones and
Christopher 2007, 2011; Lee et al. 2017; Sayer et al. 2018b).
For the cases of weakened dust storms transferred to the
Yellow Sea away from the source region, their intensity could
decrease and they would be mixed with sea salt. In the new
dust-enhanced imagery from GK2A/AMI, the regions of high
DD parameter values were consistent with high AOT and low
FMF derived from S-NPP/VIIRS (Fig. 12). On account of vary-
ing FMF and AOT in dust events, to quantitatively verify the

Fig. 10 Brightness temperature of thermal infrared channel (10.5 μm)
from GK2A/AMI, dust RGB images derived from Himawari-8/AHI,
and the derived dust detection from GK2A/AMI observed on (a-c) 27

October 2019 at 16:30 UTC (28October 2019 at 01:30 KST) and (d-f) 28
October 2019 at 13:50 UTC (28 October 2019 at 22:50 KST)
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GK2A/AMI dust detection in different dust storm conditions,
Park et al. (2014) validated the dust detection using the proba-
bility of detection (POD) and false alarm rate (FAR) as func-
tions of different values of FMF andAOT.As the dust detection
algorithm developed in this study focused not only on strong
dust storms over source regions but also weakened dust storms
in mixed conditions of fine and coarse aerosol, for quantitative
validation, we applied the low threshold for AOT (i.e., 0.2, 0.3,
and 0.4) and the high threshold for FMF (i.e., 0.4, 0.5, and 0.6)
to S-NPP/VIIRS (Lee et al. 2017; Sayer et al. 2018b).

Table 2 summarizes the POD and FAR with respect to the
thresholds of AOT and FMF from 27 to 2019 to 29 October
2019. We calculated the POD and FAR as follows:

POD ¼ DSuomi−NPP&GK2A

DSuomi−NPP
ð27Þ

FAR ¼ 1−
DSuomi−NPP&GK2A

DGK2A
ð28Þ

where DSuomi −NPP and DGK2A denote the number of pixels
detected as dust from S-NPP and GK2A/AMI, respectively,
and DSuomi −NPP&GK2A indicates the number of dust-detected
pixels from S-NPP and GK2A/AMI, simultaneously. As the
threshold of AOT increases, since the only pixels including a

very large amount of aerosol load were selected, the POD and
FAR increased simultaneously. In the cases with AOT > 0.2,
the accuracy showed that the POD (FAR) was showed from
0.439 (0.082) (DD > 0.3 and FMF < 0.6) to 0.799 (0.287)
(DD > 0.1 and FMF < 0.4); however, for the cases with
AOT > 0.4, the POD (FAR) was from 0.544 (0.166) (DD >
0.3 and FMF < 0.6) to 0.850 (0.439) (DD > 0.1 and FMF <
0.4). On the other hand, as the threshold of FMF decreased,
because only pixels with a strong dust storm in a coarse aero-
sol dominated condition were classified, the POD and FAR
increased simultaneously. For the cases with FMF < 0.4, the
accuracy showed that the POD (FAR) was from 0.571 (0.209)
(DD > 0.3 and AOT > 0.2) to 0.850 (0.439) (DD > 0.1 and
AOT > 0.4); but, in the cases with FMF < 0.6, POD (FAR)
was showed from 0.439 (0.082) (DD > 0.3 and AOT > 0.2)
to 0.737 (0.271) (DD > 0.1 and AOT > 0.4). For the cases of
a strong dust storm in coarse aerosol dominated conditions
with FMF < 0.4 and AOT > 0.4, the accuracy showed that
the POD (FAR) was 0.850 (0.439) (DD > 0.1); however, in
the cases of a weakened dust storm in a mixture of coarse and
fine aerosol with FMF < 0.6 and AOT > 0.2, the POD (FAR)
was showed 0.667 (0.100) (DD > 0.1). These results indicate
that the combined dust detection algorithm of GK2A/AMI
detects not only the severe dust storms but also weakened dust

Fig. 11 True RGB images and dust RGB images derived from Himawari-8/AHI, and the derived dust detection from GK2A/AMI observed on (a-c) 28
October 2019 at 04:50 UTC (28 October 2019 at 13:50 KST) and (d-f) 29 October 2019 at 00:20 UTC (29 October 2019 at 09:20 KST)
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storms over oceans with reasonably good performance. The
relative high FAR with respect to POD could imply that the
combined dust detection algorithm of GK2A/AMI is better at
detecting potential dust pixels than S-NPP/VIIRS with respect
to different thresholds of AOT and FMF.

5 Summary and Conclusion

It is difficult to detect dust storms using traditional IR-based
methods for a variety of reasons. To reduce errors in tradition-
al dust detection methods, and to improve the accuracy of dust
detection using data from GK2A/AMI, we developed an al-
gorithm by combining multiple dust detection methods with
dust-enhanced false color imagery. To improve the accuracy
of dust detection, theCDparameter was derived by combining
six cloud tests, and the dust detection algorithm computed the
DD parameter (whereCD parameters are embedded) by com-
bining four dust tests adopted from previous studies. Each
parameter, normalized by each empirically determined MIN
and MAX, was converted from 0 (low confidence) to 1 (high
confidence). To consider the diurnal variations in the IR chan-
nel and the variations in BTD properties with the surface type,
we applied different MIN and MAX in the parameter

calculations for the daytime and nighttime over land and sea.
Furthermore, we displayed the dust detection result (DD pa-
rameter) as false color imagery. In the dust-enhanced false
color imagery, we expressed the dust storm as magenta, as
shown in the dust RGB imagery for forecasters.

To qualitatively evaluate the new algorithm, we used the
true RGB imagery, dust RGB imagery, and AD-Net data for
comparison. The study case was a huge dust event from 27 to
2019 to 29 October 2019, which originated from deserts in
northern China and Mongolia and was transported to the
southeastern regions. Some of the dust storm was advected
to the Bohai Sea and the Yellow Sea, and the rest was
transported to Shanghai and the Yangtze River Estuary. It
was difficult to identify the dust storm from its source regions
and areas with high SPM water. As the surface temperature
changed diurnally and the dust intensity weakened, it was
difficult to clearly detect dust by the single BTD methods
and dust RGB imagery. Since the algorithm proposed in this
study combines multiple dust and cloud tests, it retrieves the
continuousDDparameter and shows outstanding performance
with high reliability. The combined dust detection algorithm
especially improved the discontinuity of the dust RGB imag-
ery when a weak dust storm advected to the sea, and false
alarms were considerably reduced.

Fig. 12 (a) Derived dust detection from GK2A/AMI and (b) aerosol optical thickness (AOT) and (c) fine mode fraction (FMF) derived from S-NPP/
VIIRS observed on 29 October 2019 05:20 UTC (29 October 2019 14:20 KST)

Table 2 Probability of detection (POD) and false alarm rate (FAR) of the combined dust detection algorithm as a function of aerosol optical thickness
(AOT) and fine mode fraction (FMF)

POD
(FAR)
N=83,080

FMF<0.4 FMF<0.5 FMF<0.6

AOT>0.2 AOT>0.3 AOT>0.4 AOT>0.2 AOT>0.3 AOT>0.4 AOT>0.2 AOT>0.3 AOT>0.4

DD>0.1 0.799
(0.287)

0.840
(0.327)

0.850
(0.439)

0.704
(0.150)

0.748
(0.191)

0.762
(0.319)

0.667
(0.100)

0.715
(0.142)

0.737
(0.271)

DD>0.2 0.710
(0.245)

0.768
(0.266)

0.803
(0.367)

0.602
(0.134)

0.655
(0.155)

0.690
(0.264)

0.564
(0.092)

0.620
(0.114)

0.660
(0.223)

DD>0.3 0.571
(0.209)

0.629
(0.218)

0.691
(0.291)

0.476
(0.108)

0.527
(0.116)

0.582
(0.192)

0.439
(0.082)

0.489
(0.090)

0.544
(0.166)
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To quantitatively verify the new algorithm, we used the AOT
and FMF derived from S-NPP/VIIRS. As the FMF and AOT
vary according on the dust event, for quantitative validation in
different dust storm conditions, we calculated the POD and FAR
as a functions of different AOT values (i.e., 0.2, 0.3, and 0.4) and
FMF values (i.e., 0.4, 0.5, and 0.6). In cases with AOT>0.4, the
accuracy showed the POD from 0.544 to 0.850, and for cases
with AOT> 0.2, the POD was showed from 0.439 to 0.799. For
severe dust cases (AOT> 0.4 and FMF< 0.4) andweakened dust
cases (AOT> 0.2 and FMF< 0.6), the POD was showed from
0.667 to 0.850. These values indicate that the new dust detection
algorithmdetects not only a severe dust event but also aweakened
dust storm with good performance. For the FAR, relatively high
values were given with each POD. These high FAR values could
indicate that the combined dust detection algorithm was better at
detecting potential dust pixels than S-NPP/VIIRS.

For dust storm monitoring, this study utilized BT12:3 �
BT10:5 as DDI1 andBT 8:7 � BT10:5 as DDI2; these indices were
developed and generally used in previous studies. However, the
indices, BT11:2 � BT10:5 as DDI3, and the PODI as DDI4, are
not commonly used for dust storm monitoring. The traditional
dust monitoring method showed low accuracy over the sea and
humid regions where the sea wind advected; however, as the
PODI was applied, the accuracy of dust storm monitoring in-
creased over sea and coastal regions. In addition, the previous
dust detection method could not effectively detect the weakened
dust storm frequently, but asBT11:2 � BT10:5 was applied to the
combined dust detection algorithm, it was possible to reduce
false alarms and improve the misdetection of the weakened dust
storms. In particular, although GEO satellites (i.e., Himawari-8/
AHI, GOES-R/ABI, and GK2A/AMI), which were recently de-
veloped and operated, have an 11.2 μm channel, which is not
primarily used for dust monitoring, this study emphasizes the
availability of the 11.2 μm channel for dust detection, and it is
expected that the results obtained in this study will assist future
dust detection studies.

For dust detection under various surface properties and
meteorological conditions, this study proposed a dust detec-
tion algorithm combining four dust tests and six cloud tests,
which were developed in previous studies. The dust detection
algorithm was developed only using remotely sensed data
without prior information of external data. However, we ap-
plied an empirical threshold of each index optimized for a
huge dust event. If dust event data can be further collected
by GK2A/AMI, we expect that the algorithm can be improved
by assessing the validity of each of the indices and it can be
refined by considering seasonal variations and surface envi-
ronments by setting the bounds based on the background.
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