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Abstract: Dust aerosols, which have diverse and strong influences on the environment, must be
monitored. Satellite data are effective for monitoring atmospheric conditions globally. In this work,
the modified CO2 slicing method, a cloud detection technique using thermal infrared data from
space, was applied to GOSAT data to detect the dust aerosol layer height. The results were compared
using lidar measurements. Comparison of horizontal distributions found for northern Africa during
summer revealed that both the relative frequencies of the low level aerosol layer from the slicing
method and the dust frequencies of CALIPSO are high in northern coastal areas. Comparisons of
detected layer top heights using collocated data with CALIPSO and ground-based lidar consistently
showed high detection frequencies of the lower level aerosol layer, although the slicing method
sometimes produces overestimates. This tendency is significant over land. The main causes of this
tendency might be uncertainty of the surface skin temperature and a temperature inversion layer in
the atmosphere. The results revealed that obtaining the detailed behavior of dust aerosols using the
modified slicing method alone is difficult.
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1. Introduction

Dust aerosols derive from dust storms in arid regions and subsequent widespread transport of
their particles by winds. The Sahara and Sahel areas, located respectively from northern Africa to the
Middle East and in central Asia from China to Mongolia on the subtropical high-pressure belt, are
the major sources of such aerosols [1]. The main constituent species of dust aerosols are quartz, clays,
calcite, gypsum, and iron oxides. Reportedly, the dust particles are not hygroscopic or moderately
hygroscopic [2,3]. Dust aerosols from the Taklamakan and Gobi deserts are transported by westerly
winds to eastern Asian nations such as China, Korea, and Japan, and even to North America [4–6].
Dust aerosols in those regions are called “yellow sand” or “Kosa”. These transported dust aerosols
cause severe atmospheric pollution and influence social activities and human health in eastern Asia.
Recently, the frequency of the dust events has reportedly increased because of changes in vegetation
and precipitation around the source regions [7–9].

Transportation of dust aerosols has been studied widely using ground-based observations such as
light detection and ranging (lidar), which can obtain vertical distributions of aerosols during daytime
and nighttime, has been used since the end of the 1970s. To date, several observation campaigns or
networks with ground-based lidar were implemented. For instance, the European Aerosol Research
Lidar Network (EARLINET) [10,11] was a project for three years from 2000 to provide a quantitative
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and statistically relevant dataset of the vertical aerosol distribution over Europe. Such networks
or observations at different sites have been useful to investigate how dust aerosols are transported
and how their properties change [12–15]. These datasets are also used to validate transport model
calculations [16]. Recent studies have used their vertical transportation to derive their vertical layering
structure from dust aerosol measurements over the ocean [17,18].

Observations from space of dust storms in desert areas have been undertaken since the 1970s.
Although several studies were conducted to detect dust aerosols using visible (VIS) and near-infrared
(NIR) data ([19–21]), detecting them over desert surfaces is challenging because of the high reflectance.
These techniques are applicable only over oceans or low-reflectance surfaces [22]. However, thermal
infrared (TIR) observations are affected less by surface reflectance and are obtainable at night.
In general, the existence of dust aerosols strongly affects remote sensing measurements not only in the
VIS/NIR region but also in the TIR region because the particles are larger than those of aerosols of other
types. Using brightness temperature differences, Shenk and Curran [23] and Ackerman [24] detected
dust aerosols from TIR measurement data. Nevertheless, dust detection using TIR data presents
difficulties that arise from surface temperature biases and small temperature contrasts between
the ground surface and the aerosol layer. After multi-wavelengths measurements were enabled
simultaneously, solutions to distinguish dust aerosols from the others were proposed. For instance,
cirrus clouds are distinguished by brightness temperature differences between 11 µm and 12 µm, low
clouds are distinguished by reflectance at 0.65–0.85 µm, and surfaces are distinguished by the ratio
of reflectivity between 3.75 µm and 11 µm or brightness temperature differences between 11 µm and
12 µm. Large-scale dust storms are also detected from the signature at 1.6 µm [25]. After launching of
hyper-spectral TIR sounders, spectral characteristics in the TIR window region of dust aerosols were
elucidated [26–28]. Furthermore, optical thickness and layer height were retrieved from the sounding
data [29–34]. High-resolution NIR spectra near oxygen-A band are also useful to derive dust layer
height by application of the cloud detection algorithm to dust aerosols [35]. Since the launch of the
space-borne lidar, Cloud–Aerosol Lidar with Orthogonal Polarization (CALIOP) on Cloud–Aerosol
Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) [36], aerosol’s vertical distribution
have been obtainable globally [37–39]. Recently, CALIPSO data have come to be used to constraint
aerosol transport models [40–42].

This study investigated the performance of the modified CO2 slicing method developed for cloud
detection from Greenhouse Gases Observing Satellite (GOSAT) data [43] for application to dust aerosol
detection. GOSAT cloud screening is based on an image sensor, Cloud and Aerosol Imager (CAI),
which has four bands in the near-infrared and visible regions. However, using CAI for the screening of
dusty scenes, especially over desert surfaces, is quite difficult for the same reasons as those applicable
to VIS/NIR sensors described above. Moreover, information related to the cloud or aerosol layer height
is unobtainable from CAI data. Contamination by clouds or aerosols during gas retrieval must be
avoided. The most important objective of this study is to detect dusty scenes and to obtain their layer
top height (LTH) or layer top pressure (LTP) to decrease contamination by dust aerosols during gas
retrieval. Data used for this study and the analytical method are presented in Section 2. In Section 3,
results from GOSAT data analyses are compared with measurements taken using space-borne and
ground-based active instruments.

2. Data and Methods

2.1. GOSAT Data

A Japanese satellite, GOSAT, was launched in January 2009 to monitor carbon dioxide and
methane concentrations. It is a Sun-synchronous polar orbit satellite at approximately 666 km height
with a revisit cycle of three days and equator-crossing local time (LT) of 13:00. An instrument designated
as Thermal And Near-infrared Sensor for Observation (TANSO) [44] on GOSAT consists of a Fourier
transform spectrometer (FTS) and CAI. They have four bands in different spectral regions: FTS observes
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in the range of 0.758–0.775 µm (Band 1), 1.56–1.72 µm (Band 2), and 1.92–2.08 µm (Band 3) in the SWIR
region and also 5.5–14.3 µm (Band 4) in the TIR region, with spectral resolution of about 0.2 cm−1;
CAI observes at 0.380 µm (Band 1), 0.674 µm (Band 2), 0.870 µm (Band 3), and 1.60 µm (Band 4) with
spatial resolution of 0.5 km (Bands 1–3) and 1.5 km (Band 4). The FTS’s size of the instantaneous
field of view (IFOV) is 15.8 mrad, which corresponds to diameter of approximately 10.5 km at the
Earth’s surface. TANSO-FTS has several observation patterns. The maximum pointing angle is ±35◦

in a cross-track direction and ±20◦ in an along-track direction [44]. In our study, TANSO-FTS Band 4
Level 1B (L1B) ver. 160.161 products (spectral radiance data) obtained during 2010–2012 provided by
the National Institute of Environmental Studies (NIES) was used.

2.2. Lidar Data

CALIPSO data were used to validate aerosol layers retrieved from the GOSAT data. CALIOP is
a lidar measurement system with laser wavelength of 532 nm and 1064 nm. It is currently the most
accurate means of detecting aerosols from space. CALIPSO is also a sun-synchronous polar orbit
satellite with a revisit cycle of 16 days; its equator-crossing time is 13:30 (local time). Vertical resolutions
of sampling are 30 m below 8.2 km and 60 m between 8.2 km and 20.2 km. The lidar footprint is a
circle with about 90 m diameter at the surface. The spatial interval of footprints is 333 m along a track.
The CALIOP Level 2–5 km Aerosol/Cloud Layer V3.01 and V3.02 products were used for this study.
These products include information related to aerosol layers such as the number of layers up to 10,
geometrical layer top and bottom height, optical thickness, and particle species. Dust and polluted
dust flags are included in the particle flag in the Level 2 (L2) aerosol products.

Ground-based lidar measurement data provided by the NIES lidar network (http://www-lidar.
nies.go.jp) [45] are also used for validation. This network comprises two-wavelength (532 and 1064 nm)
and polarized (532 nm) ground-based lidar at 13 sites in Japan, three sites in Korea, three sites in
Mongolia, one site in Thailand, and four cooperative sites in China. Data from Japan, Korea, Mongolia,
and Thailand are processed in real time and are available online. Backscatter coefficients up to 18 km,
depolarization ratios up to 18 km, and extinction coefficients for spherical and dust particles up to
6 km are provided for every 15 min.

2.3. GOSAT Data Analysis Strategy

The GOSAT TIR L1B spectra were analyzed with the modified CO2 slicing algorithm for the
operational processing of GOSAT-2 TIR L2 cloud/aerosol products described in an earlier report [43].
The CO2 slicing method uses the difference between the channel pair of the CO2 absorption strength
near 14 µm [46–48] according to the equation:

Rλ1 − Rclr
λ1

Rλ2 − Rclr
λ2

=
α1ελ1

∫ pc
ps

tλ1(p)dBλ1

α2ελ2

∫ pc
ps

tλ2(p)dBλ2

, (1)

where R stands for the observed radiance, Rclr denotes the calculated clear sky radiance, α signifies a
cloud fraction in the IFOV, ε represents the cloud emissivity, ps and pc respectively denote pressure
at the surface and the cloud top, t denotes the transmittance, B is the Planck function, and subscript
λ denotes the spectral channel wavelength. With application to satellite data, t is calculated using
LBLRTM at each layer level and Rclr is calculated with the theoretical radiative transfer calculation from
t, surface skin temperature, and surface emissivity based on GSM-GPV and ASTER database. If the two
spectral channels λ1 and λ2 are sufficiently close, it can be assumed that the fractions and the emissivity
are equal (α1ε1

∼= α2ε2). The value αε, called the Effective Cloud Amount (ECA), corresponds to the
coverage if clouds in the IFOV are opaque or cloud emissivity if clouds are homogeneous in the
IFOV. The LTP can be estimated from the calculations of this equation at each level of atmosphere.
Estimated LTP can be converted to LTH with the assumption of hydrostatic equilibrium. The modified
algorithm reconstructs pseudo-channels from the original channels based on the sensitivity height.

http://www-lidar.nies.go.jp
http://www-lidar.nies.go.jp
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The channel pair selection is optimized for several typical temperature profiles as indicators of latitude
and temperature at 500 hPa. This algorithm does not use spectral dependency of the refractive index
of dust particles but detects atmospheric absorbing matter using the narrow range of the TIR region.
Therefore, dust particles are treated equivalently to cloud particles. The scene is regarded as clear if
the lowest level of the vertical grid in the calculation is detected.

The Line-By-line Radiative Transfer Model [49] ver. 12.4 provided by Atmospheric Environmental
Research Inc. was used for radiative transfer calculations considering gas absorption based on the
high-resolution transmission molecular absorption database 2012 [50]. Atmospheric states and the
surface temperature necessary for radiative transfer calculations were obtained from the Global Spectral
Model-Grid Point Value (GSM-GPV) which are reanalysis data provided by the Japan Meteorological
Agency. Over the ocean, sea surface temperature (SST) in GSM-GPV was used as the surface skin
temperature. Over land, the surface skin temperature was assumed as equal to the surface air
temperature because GSM-GPV includes no land surface skin temperature. The Thermal Emission
and Reflection Radiometer Spectral Library [51] is based on the land cover type from the International
Geosphere–Biosphere Programme.

3. Results

In two areas, Asia and the Sahara, dust storms are frequently observed. Results obtained from
the slicing method were compared to those obtained from other measurements, CALIPSO, and
ground-based lidar in these areas. In the Sahara area, large-scale dust storms occur widely: it is
therefore easy to compare their horizontal distributions. Asian dust transported from inland areas of
Asia is observed throughout eastern Asia in China, Korea, and Japan although the horizontal scales
are slightly smaller than those of the Sahara. In Section 3.1, the results are compared with the CAI
image and the ground-based lidar for the Asian dust events. In Section 3.2, they are compared with
CALIPSO data obtained for northern Africa and the whole Earth.

3.1. Comparison in Eastern Asia

Asian dust storms frequently occur in eastern Asia. Their sources are the Taklamakan and Gobi
deserts. Dust plumes are transported by westerly winds to the countries of East Asia. Figure 1 presents
an example of the distributions of LTHs detected using the slicing method and the corresponding CAI
image during the dust event on 9 October 2010 in eastern China. The dust plume is readily apparent in
the CAI image. Although the eastern part of the plume was detected using the slicing method, several
points in the western part were inferred as clear sky. A possible cause is the difference of layer heights
of particles. The light particles are blown up easily to the upper level and are transported faster in
the downwind side. By contrast, heavy particles stay in the lower level or settle out by gravity on the
upwind side. The slicing method is unable to detect the near surface level because, if the lowermost
level in the calculation is detected as LTH, it is judged as clear sky. Therefore, the layer height in the
western part might be too low to be detected using the slicing method.

The LTHs estimated using the slicing method were evaluated with ground-based lidar
measurements from the NIES lidar network. The collocated GOSAT data are selected within 50 km
between the center of the IFOV of TANSO-FTS/GOSAT and the lidar sites with the conditions that no
clouds exist above the dust layer that has optical thickness greater than 0.05 and that the layer top is
higher than 1 km. Actually, 31 such cases were identified for 2010–2012. Of them, the slicing method
detected layers in 12 cases. All of these cases were in Japan. Figure 2 portrays the detected LTH from
the slicing method and the attenuated backscatter coefficient at 1064 nm obtained from the collocated
lidar measurements. Attenuated backscatter coefficient profiles obtained using the ground-based lidar
are shown in color. The LTHs from the slicing method are displayed there as a black circle. More than
one GOSAT measurement can correspond to one lidar measurement in some cases because of the
match-up condition and the size of the IFOV of GOSAT. For all cases in the figure, dust layer tops
were observed below 5 km from the lidar. However, the slicing method sometimes detects higher
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levels. In panels (b), and (i), the LTHs detected using the slicing method are close to those from the
lidar measurements; in contrast, in panels (c), (d), (e), (f), and (g), the LTHs from the slicing method
are overestimated.Sensors 2019, 18, x FOR PEER REVIEW  5 of 12 
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Figure 2. Temporal and vertical distribution of attenuated backscatter coefficient at 1064 nm from lidar
observations and the detected layer height from the slicing method for the collocated data (black circle).
Data were obtained (a) at Osaka on 14 March 2010, (b) on 20 March 2010, (c) on 2 May 2011, (d) at Chiba
on 6 April 2010, (e) on 6 May 2010, (f) at Hedo 1 May 2010, (g) at Matsue on 4 May 2010, (h) at Tokyo on
6 April 2010, and (i) at Seoul on 17 January 2010. The x-axis ranges are 3:00 to 6:00 (UTC) for all cases.

3.2. Comparison of Global and Sahara Data

As explained in this section, results from the slicing method were compared with the CALIPSO
measurements. The GOSAT data observed during three years of 2010–2012 and collocated with
CALIPSO within 50 km horizontally and 15 min temporarily in the northern hemisphere were analyzed.
The collocated data are only those of daytime because of their orbits. The CALIPSO measurements are
selected by referring the product flags with the dust or polluted dust aerosol events without clouds
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above the aerosol layer. Table 1 presents the number of collocated unique dust or polluted dust layers
detected by the CALIPSO 5 km averaging product and the detectability for those data by the slicing
method, which is the ratio of the number of GOSAT data with detection of the layer for each surface
type. It is noteworthy that several CALIPSO measurements can be matched up with one GOSAT
measurement because the CALIPSO measurement interval along the track is narrower than that of
GOSAT. In those cases, each CALIPSO measurement is counted. Actually, 32% of the dust events were
detected using the slicing method. Over the ocean, 40% were detected, but to the figure is only 23%
over land.

Table 1. Number of unique dust or polluted dust layers from CALIPSO collocated with GOSAT within
50 km/15 min for all (including mixed), land, ocean surfaces, with detectability defined by the ratio
of the number of data for which dust layers are detected using the slicing method to the number of
collocated CALIPSO measurement.

All Surfaces Land Ocean

Number of Collocated Data 23,216 12,243 10,543
Detectability 0.32 0.23 0.40

Left panels of Figure 3 present number density maps of detected LTHs for the slicing method and
CALIPSO over (a) all, (b) land, and (c) ocean surfaces. The data are the same as those used in Table 1.
The slicing method provided no detection at 0–0.5 km because it is regarded as clear if the lowermost
layer was detected by the slicing method, as described. The maximum values are apparent in 1–3 km
levels in both observations consistently. Although most LTHs of the CALIPSO observations were
detected below 5 km, those of the slicing method were sometimes detected above 5 km. This tendency
is stronger over land. Based on this fact, we infer that the slicing method tends to overestimate aerosol
LTH and that the error is larger over land, probably because of uncertainty of the surface states such
as temperature or emissivity, which is larger over land. Right panels of Figure 3 show the averaged
optical thickness within each grid from CALIPSO. In the algorithm of the CALIPSO aerosol product,
lidar ratios of 40 and 55 at 532 nm and 1064 nm are used for dust. For polluted dust, they are 65 and 30
respectively [37]. Over land, the slicing method overestimated LTH despite the large optical thickness.
Moreover, there is small correlation between dust optical thickness and the detection accuracy of the
slicing method. Over land, areas where optically thick dust aerosols are observed are arid regions.
In these areas, the uncertainty of surface skin temperature is large, as discussed in Section 4. Therefore,
it is possible that the error related to surface skin temperature is greater than the change of detectability
depending on optical thickness. Over the ocean, peaks of optical thickness are seen at around 9 km and
1–2 km. The peak at the lower level is reasonable because large particles can exist at the lower level.
For the peak at around 9 km, it is likely because of the inversion layer. The presence of the inversion
layer can cause overestimation by the slicing method. This point is also discussed in Section 4.

Next, the horizontal distribution of detection frequencies of the slicing method is compared to
that from CALIPSO around the Sahara area. Because the slicing method is unable to distinguish
dust aerosols from clouds, the horizontal pattern of the detected layers is compared with those
from the CALIPSO aerosol and cloud products in Sahara during summer, when dust events occur
frequently. Figure 4 presents detection frequencies obtained using the slicing method and CALIPSO.
Here, frequency means the ratio of the number of the detected observation to that of all observation
within the grid. Figure 4a portrays the relative frequencies of the low-level layer (≥660 hPa), which
are defined as the low-level frequency scaled by the total detection frequency from the slicing method.
Figure 4b presents the dust and polluted dust frequencies by CALIPSO. Figure 4c depicts frequencies
for low clouds (≥660 hPa) by CALIPSO in the boreal summer (June–August) during 2010–2012 within
2.5 × 2.5 degree grids. Using the slicing method, 40–50% of frequencies became visible in the northern
and western coastal areas, whereas they are 20–30% in the other areas in panel (a). In the western
coastal area, the frequencies of CALIPSO dust and low clouds are also high. Therefore, one can infer
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that the high frequencies of the slicing method include low clouds in this area. However, in the
northern coastal area, the values of dust frequencies are large. Low cloud frequencies are small from
CALIPSO. Therefore, the high frequencies of the slicing method in this area might be affected by dust
aerosols. Over land, the frequencies of the slicing method are not so high, but those of dust from
CALIPSO are high. This result is consistent with the tendency shown in Figure 3. The causes of this
low detectability over land are discussed in Section 4. Dust events occur around the Arabian sea.
Those are portrayed in Figure 4b. However, the frequencies in (a) are not so high. In this area, high
clouds are also observed frequently by CALIPSO (not shown). Therefore, high clouds exist above the
dust layer. In many cases, the slicing method was unable to detect the dust layer.
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4. Discussion

An earlier section described that LTHs from the slicing method tend to be higher than those from
CALIPSO and from the ground-based lidar, especially over land. Possible causes of this difference are
the uncertainties of surface skin temperature, surface emissivity, temperature profile concentration of
absorbing gas (CO2 in the used spectral region), and measurement accuracy of spectra. Dust aerosols
are frequently observed over land are arid region. In these areas, CO2 emission and absorption are
small. Therefore, model calculations assumed as the CO2 concentration in our analysis could consistent
with real values. Temperature profiles were obtained from the reanalysis data, so it can also be reliable
for the areas. Surface emissivity probably entails some uncertainty because some variation in the
same surface type exists. Although all of them probably affected the results to some degree, surface
skin temperature is possibly the largest error source in the results over land. That is true because the
contribution from the uncertainty of surface skin temperature to the spectra can reach more than 5 K
over land and those from the others are probably less than a few Kelvins. Lower level detection uses
weak absorption bands. The contribution of radiation from the surface is large. This large uncertainty
over land is attributable to the surface skin temperature, which is assumed to be equal to the surface air
temperature for analysis over land, as described in Section 2. Nevertheless, the assumed surface skin
temperature is probably lower than the real temperature in many cases because the collocated data
were observed around 13:15 LT because of their orbit paths. Also, the surface skin temperature becomes
much higher than the air temperature just above the surface because of solar heating. In these cases,
the slicing technique overestimates LTH [43,52]. In addition, the difference between surface skin and
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air temperature depend on the land surface type because the variations of surface skin temperature are
related with surface emissivity. Therefore, the accuracy of the modified slicing method also depends
on that. Especially in desert areas where dust storms frequently occur, this overestimation can be
noticeable because the difference is very large. This uncertainty of land surface skin temperature might
also be the cause of the difference of detectability over land shown in Table 1. This might be a main
cause of the low detectability over land in Figure 4.

Some overestimations of LTHs are also apparent over the ocean as shown in Figure 3. The slicing
technique uses the temperature lapse rate of the atmosphere. Therefore, the inversion layers also cause
error detection. In principle, the slicing can detect a higher level for a case in which the cloud or aerosol
layer is in the inversion layer [43]. In western coastal areas of continents, inversion layers often occur
because of low SST caused by upwelling flow. In the western coastal area of northern Africa, optically
thick dust layer can occur with the inversion layer. It is explainable by the fact that the peak of optical
thickness at 9 km of the right panel of Figure 3c.

The results of this study showed that the modified slicing method is not very effective for detecting
dust aerosol layers. Although it appears that the behavior of dust aerosols can be slightly obtained
using this method alone, the combinational use with other observations is probably more useful.
The effectiveness of the slicing method is obtainable as the three-dimensional distributions of dust
layer top albeit with large uncertainty. However, ground-based lidar can obtain vertical profiles at the
site and space-borne imager can derive horizontal distributions. Therefore, the slicing method can
provide additional information dimensionally. Moreover, it is likely to be able to constrain the spatial
distributions of dust aerosols obtained from ground-based lidar or a space-borne imager.

5. Summary

The modified CO2 slicing technique was applied to three-year GOSAT data to evaluate the
detectability of dust aerosols. The derived horizontal distribution and layer heights were validated
through comparison with those from CALIPSO and ground-based lidar measurements. The slicing
method detects 32% of dust events detected by CALIPSO for coincident observations completely.
The detection was 23% over land and 40% over the ocean. Heights detected using the slicing
method were consistently lower than 5 km with data obtained from CALIPSO, although those were
overestimated in some cases, especially over land. This tendency was also apparent in the comparison
with the ground-based lidar measurements. Main causes might be the uncertainty of surface skin
temperature used for analyses over land or perhaps a temperature inversion layer over the ocean.
The relative frequency of low-level detection from the slicing method and the dust frequency from
CALIPSO showed large values around the northern coastal area of Africa. Although CO2 slicing
method is widely used for cloud detection, its level of detectability for dust aerosols had not been
evaluated. The advantage of this method is its ability to obtain the three-dimensional distributions of
dust layers. However, this study revealed that the modified slicing method could not very effectively
detect dust aerosols and their behaviors appear to be only slightly obtained using this method alone.
The combinational use with other observations will probably provide more useful information.
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