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Abstract Deep convective storms have contributed to airplane accidents, making them a threat to
aviation safety. The most common method to identify deep convective clouds (DCCs) is using the
brightness temperature difference (BTD) between the atmospheric infrared (IR) window band and the water
vapor (WV) absorption band. The effectiveness of the BTD method for DCC detection is highly related to
the spectral resolution and signal-to-noise ratio (SNR) of the WV band. In order to understand the sensitivity
of BTD to spectral resolution and SNR for DCC detection, a BTD to noise ratio method using the difference
between the WV and IR window radiances is developed to assess the uncertainty of DCC identification for
different instruments. We examined the case of AirAsia Flight QZ8501. The brightness temperatures (Tbs)
over DCCs from this case are simulated for BTD sensitivity studies by a fast forward radiative transfer model
with an opaque cloud assumption for both broadband imager (e.g., Multifunction Transport Satellite imager,
MTSAT-2 imager) and hyperspectral IR sounder (e.g., Atmospheric Infrared Sounder) instruments; we also
examined the relationship between the simulated Tb and the cloud top height. Results show that despite
the coarser spatial resolution, BTDs measured by a hyperspectral IR sounder are much more sensitive to high
cloud tops than broadband BTDs. As demonstrated in this study, a hyperspectral IR sounder can identify
DCCs with better accuracy.

1. Introduction

Deep convective cloud s (DCCs) are associated with severe storms, which can transport ice and supercooled
large droplets into the higher levels of the atmosphere to create conditions conducive to icing [Reynolds,
1980; Setvák et al., 2008, 2013; Bedka et al., 2010]. In addition, severe convective storms also cause turbu-
lence near the tropopause [Lane et al., 2003]. An environment prone to icing and strong turbulence poses
threats to aviation safety. On 28 December 2014, AirAsia Flight QZ8501 crashed into the Java Sea during a
period of convective storms in the region. Similarly, Air France Flight AF447 crashed into the Atlantic Ocean
on 1 June 2009 near a convection zone. Detecting DCCs has significant implications for preventing potential
aviation accidents.

Satellite remote sensing offers several methods to identify the overshooting tops (OTs) of DCCs. One simple
method is using a fixed brightness temperature (Tb) threshold for the IR window channel centered near 11 μm.
The fixed Tb is widely used in the life cycle study of weather systems containing DCCs [Machado et al., 1998;
Mathon and Laurent, 2001; Ai et al., 2016]. However, the optimal threshold varies with the latitude, longitude,
and the composition of the cloud top and should be determined from research based on different studying
regions and periods [Mapes and Houze, 1993; Aumann et al., 2011]. The IR channel Tb is only sensitive to the
cloud top, so that sometimes high cirrus and an anvil without any precipitation are still identified as deep con-
vection by some fixed Tb thresholds. Considering this shortcoming of the fixed Tb threshold, a new technique
called the infrared window-texture method is proposed by Bedka et al. [2010]. This method integrates the IR
channel Tb gradients, numerical weather prediction (NWP) tropopause temperature forecast, and OT size and
Tb criteria from Moderate Resolution Imaging Spectroradiometer (MODIS) and Advanced Very High Resolu-
tion Radiometer (AVHRR) imagery, increasing the detectability of OTs from geostationary imager data [Bedka,
2011; Bedka et al., 2012]. However, this method cannot detect OTs for small and newly developing convective
cloud with limited anvil cloud content. The detection also requires NWP data which might not synchronize
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with satellite observations; in addition, a direct broadcast user who uses the satellite data and products might
not be able to access the full resolution numerical weather prediction (NWP) data.

The brightness temperature difference (BTD) method is another common method for DCC identification.
Cases where the brightness temperature in the water vapor (WV) absorption channel is warmer than that in
the atmospheric infrared window (IR) channel (BTD = Tb,WV − Tb,IR ≥ 0) were interpreted as convective OTs
[Ackerman, 1996; Schmetz et al., 1997]. The positive difference signifies convective overshooting because water
vapor above the physical cloud top which is forced into the lower stratosphere by storm updraft emits at the
warmer stratospheric temperature, while the IR window channel shows emission from the colder cloud top.
With the BTD method, DCCs and convective OTs are monitored with imagers onboard geostationary satellites
around the globe [Schmetz et al., 1997; Bedka et al., 2010; Aumann and Ruzmaikin, 2013]. In addition, BTD can
be used to monitor other weather systems with high cloud tops such as typhoons, as well as estimate heavy
precipitation within DCCs [Kurino, 1997; Machado et al., 2009]. Based on simple BTD method, the method for
objective detection of DCCs described in this paper can be used in climate studies such as East China Mon-
soon [Tang and Chen, 2006; Wu et al., 2013; Qie et al., 2014] and serve as input to NWP models or as part of
other sophisticated algorithms [Chemel et al., 2009; Setvák et al., 2008].

Ackerman [1996] found that a BTD larger than 2 K should be attributed to optically thick clouds of over-
shooting convection, but calibration errors, bit depth, and nonuniform scenes within the field of view of a
broadband imager could still result in a positive BTD. Although the calibration has been improved signifi-
cantly, this method is still limited by the bit depth of the sensor. In addition, based on previous research for
geostationary satellite imagers, positive BTD values are not only attributable to the warmer water vapor above
the storm top but also due to scattering or emissivity effects in thin cirrus at or above the cloud top [Setvák
et al., 2013]. Prior studies have shown that the BTD threshold, however, is a function of the spatial resolution.
For instance, for the current generation of the GOES imager with 4 km spatial resolution, a BTD value greater
than 1 K is used to show OT [Martin et al., 2008], while for high-resolution imagery such as MODIS (1 km), 2 K
is a better indicator of OT [Bedka et al., 2010]. All the research mentioned above is based on measurements
from imagers. When the WV-IR BTD does not perform very well for overshooting clouds, it is often due to the
nature of broadband, as the current satellite WV band especially has wide spectral coverage. Aumann and
Ruzmaikin [2013] used BTD measured by the hyperspectral Atmospheric Infrared Sounder (AIRS) to identify
DCCs in order to avoid the ambiguity caused by the wide bandwidth of broadband imagers and concluded
that the hyperspectral sounder improved DCC identification. With hyperspectral instruments such as AIRS,
the Infrared Atmospheric Sounding Interferometer (IASI) [Chalon et al., 2001] and Cross-track Infrared Sounder
(CrIS) [Bloom, 2001], the BTD can be derived from weak and strong water vapor absorption channels, which
makes the BTD signal much stronger than that from broadband instruments. However, the sensitivity of the
BTD method to the spectral resolution and signal-to-noise ratio (SNR) for DCC identification remains unclear.
While the relationship between the height of the convective overshooting clouds and BTD has been statisti-
cally described by previous research [e.g., Young et al., 2012], it has not been fully investigated. Additionally,
the performance of the BTD method by the new generation instruments, such as the Advanced Himawari
Imager (AHI) [Kurino, 2012], the Advanced Baseline Imager (ABI) [Schmit et al., 2005, 2009, 2017], and the Visible
Infrared Imager Radiometer Suite (VIIRS) [Welsch et al., 2001], has not been assessed to show the effects of
better spectral resolution and smaller instrument noise.

In order to understand the sensitivity of BTD to the spectral resolution and SNR for DCC detection, a new
index called the BTD to noise ratio (BNR) is defined to assess the performance of different instruments to
detect DCCs. By applying this index, the uncertainty in DCC identification by both broadband and hyper-
spectral infrared instruments is determined; the sensitivity of BTD to cloud top height (CTH) is studied with a
fast radiative transfer model (RTM). In this paper, the term band refers specifically to a broadband IR imager,
and channel refers specifically to a hyperspectral IR sounder. Spectral resolution is described by the total
number of spectral bands/channels on an instrument. The brightness temperatures of IR window and WV
bands/channels are simulated for both broadband and hyperspectral IR instruments using an RTM to study
the relationship between Tb and CTH. In addition, satellite images related to the QZ8501 and AF447 cases, as
well as Typhoon Haiyan and Typhoon Linfa, are analyzed using the BTD method to identify DCCs from both
types of instruments.
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Table 1. Information About the Instruments Used in This Study

Type of Providing Spatial

Instrument Name Platform Agency Resolution Data/Product

IMAGER MTSAT-2 JMA 4 km 10.8, 6.75 μm

SEVIRI MSG EUMETSAT 3 km Tb 10.8, 6.25 μm

Imager MI COMS-1 KMA 4 km and 10.8, 6.75 μm

VIIRS SNPP NOAA 750 m NEΔT 10.736, 6.70 μma

AHI Himawari-8 JMA 2 km 10.45, 6.25 μm

Hyperspectral AIRS Aqua NASA ∼13.5 km (nadir) Tb and 1231,

IR sounder IASI Metop-A/B EUMETSAT ∼12 km (nadir) NEΔT 1419 cm−1

Spectroradiometer MODIS Aqua NASA 250 m to 1 km Reflectivity 620–670 nm

Radar/ CPR/ CloudSat/ NASA 1.4 km × 1.7 km 2B-GEOPROF/

Lidar CALIOP CALIPSO × 500 m 2BGEOPROF-LIDAR
aSimulated band.

2. Radiative Transfer Model and Observations

The Radiative Transfer for the TIROS (the Television Infrared Observation Satellite) Operational Vertical
sounder (RTTOV) model was first developed in the early 1990s [Eyre, 1991; Saunders et al., 1999; Matricardi
et al., 2001]. RTTOV is capable of radiative transfer calculations for various IR and microwave (MW) instruments.
The model requires inputs such as atmospheric vertical profiles of temperature, water vapor concentration,
cloud option, surface properties, and specific band information for radiances. The atmospheric profile inputs
in this study are configured using standard atmospheric profiles of the tropics and the European Center for
Medium-Range Weather Forecasting (ECMWF) operational analysis data set. A simple cloud scheme [Eyre and
Menzel, 1989; Li et al., 2001] is used in this study to simulate the DCCs, which assumes a black opaque cloud
at a single cloud top level. The coefficient files for the simulated instruments are available in the latest RTTOV
v11.2. It should be noted that for general cloud situations, both the molecular absorption and the cloud par-
ticle absorption/scattering are considered [Wei et al., 2004] for brightness temperature calculations and cloud
microphysical property retrievals [Li et al., 2005a].

All the satellite instruments and products used in this study are listed in Table 1 with information on
instrument type, name, satellite platform, providing agency, spatial resolution, and data or product used.
Throughout this study the AIRS [Aumann and Pagano, 1994; Aumann et al., 2003, 2006; Aumann and Ruzmaikin,
2013] on board the Earth Observing System (EOS) Aqua satellite is used as representative observations
from a hyperspectral cross-nadir scanning IR sounder. In contrast, observations from moderate-resolution
geostationary-based optical imagers vary from case to case based on the locations: for the QZ8501 case, the
imager on board the Multifunction Transport Satellite 2 (MTSAT-2) [Shimamura, 1999] is used; the Spinning
Enhanced Visible Infrared Imager (SEVIRI) on board Meteosat-9, the second flight unit of the Meteosat Second
Generation (MSG) [Aminou, 2002; Schmetz et al., 2002, 2003], is used in the analysis of the AF447 case; for the
Typhoon Haiyan case, imagery from the Meteorological Imager (MI) on board the Communication, Ocean and
Meteorological Satellite 1 (COMS-1) [Cho and Youn, 2006] is used; and for Typhoon Linfa, both the MTSAT-2
imager and AHI on board Himawari-8 [Puschell et al., 2006] are included to compare instruments of two gener-
ations. The 1 km visible imagery (620–670 nm) from the Aqua MODIS is shown during the daytime to examine
the cloud details observed in these cases. The products from CloudSat/CALIPSO (Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations) [Stephens et al., 2002] are matched with other observations if avail-
able to validate the cloud structure. The 2B-GEOPROF product from CloudSat provides an estimate of the
radar reflectivity factor (unit dBZ) for vertical sample columns [Marchand et al., 2008]. The 2B-GEOPROF-LIDAR
product indicates the cloud fraction and the height of the detected cloud (unit km) measured by lidar [Mace
and Zhang, 2014]. The sensitivity test of the angle effect is conducted by comparing the results between AIRS
and AHI. Similarly, the sensitivity test of noise and spectral resolution comprises both broadband and hyper-
spectral IR instruments, including IASI [Chalon et al., 2001], AIRS, MTSAT-2 imager, VIIRS, and AHI. Note that
the VIIRS result is shown with the assumption that a WV band is added to VIIRS. There is one band centered
at 6.70 μm simulated with the spectral response function of its 12.0 μm band in this section. This simulation
gives VIIRS the same bands as MTSAT-2 but with much smaller noise, which shows the sensitivity of IR imagers
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Figure 1. Input (a) T and (b) Q profiles. Grey lines are ECMWF analysis profiles in the domain. Red lines are the calculated
mean value for T and Q. Black lines are the standard tropic profile.

to noise by BTD method. Since the reported noise is similar for MTSAT-2 and AHI, the comparison between
these two instruments shows the sensitivity caused by improved spectral resolution. For the two hyperspec-
tral instruments, IASI has better spectral resolution but larger noise than AIRS [Chalon et al., 2001; Aumann
et al., 2003, 2006], so that the comparison indicates the sensitivity to both spectral resolution and noise. For
the QZ8501 case, AHI is also included in the simulation study to compare the result with MTSAT-2 and AIRS.

3. Sensitivity of BTD Method
3.1. Angle Effect Evaluation
The Tbs of the pixels closer to the limb side of a satellite image often become colder than they actually are.
This unique characteristic is called limb darkening due to the sensor scan angle [Conway, 1997]. In this angle
effect experiment, the standard atmospheric profiles of the tropics and the vertical profiles for the QZ8501
case are used as the RTTOV input. For the QZ8501 case, the profiles were calculated as the mean value of
the ECMWF operational analysis data set at 0600 UTC 28 December 2014 (temperature and moisture profiles
shown in Figures 1a and 1b, respectively). The figure shows that the environment of this deep convection case
has a larger temperature lapse rate compared to the standard atmospheric tropical profiles—warmer in the
middle troposphere from 200 to 500 hPa and colder in the upper atmosphere (over 200 hPa). water vapor is
also more abundant through the whole troposphere. Since the cloud tops of DCCs are near the tropopause,
we set the cloud top pressure as 100, 200, and 300 hPa for the simulation while the satellite zenith angle
varies from 0 to 60∘. The differences between the Tb of a certain satellite zenith angle and the Tb of nadir
(ΔTb(𝜃) = Tb(𝜃) − Tb(0)) are shown in Figure 2 for different bands/channels and different cloud top pressures.

In Figure 2, for simple clouds whose CTH is at 200 and 300 hPa, the Tb becomes colder (shown as negativeΔTb

in Figure 2) with an increase in satellite zenith angle, and the colder Tb with a larger zenith angle is because the
radiation has traveled a longer distance through the atmosphere, resulting in more radiation being absorbed
or scattered. In contrast, when the cloud top reaches 100 hPa in the stratosphere, the edge becomes warmer
(shown as positive ΔTb in Figure 2) than nadir since the emission comes from the warmer stratospheric tem-
perature. The WV band/channel is more sensitive to the satellite zenith angle than the IR band/channel. When
comparing the results of the two kinds of profiles (left and right columns of Figure 2), the limb side effect is
more significant in the deep convective environment, especially for WV band/channel. The angle effect is neg-
ligible for the IR bands/channels, but the limb side effect from the WV band/channel produces errors for the
BTD method especially in the deep convective environment. It can be indicated in the figure that the distor-
tion in Tb is within ±1 K with 𝜃 ≤ 50∘, since the overshooting top height is usually between 100 and 200 hPa.
Therefore, the angle effect is not significant for the BTD method when identifying DCCs even on the edge of
the AIRS granule.
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Journal of Geophysical Research: Atmospheres 10.1002/2016JD025408

Figure 2. Angle effects illustrated by simulating standard tropic profiles (shown in Figure 1) and profiles at 0600 UTC 28
December 2014. The two instruments shown are (a, c) AHI and (b, d) AIRS. 𝜃 is the angle of satellite zenith and
ΔTb(𝜃) = Tb(𝜃) − Tb(0) showing the difference in Tb due to satellite zenith. The red lines are for atmospheric window
channels, and the blue lines are for WV channels. The solid lines, the dashed lines, and the dotted lines are the results
when cloud top pressures are 100, 200, and 300 hPa, respectively.

3.2. Impact of NE𝚫T and Spectral Resolution
The IR sensor detector noise is usually described as the noise-equivalent differential temperature (NEΔT). It
is defined as the amount of infrared radiation to produce an output signal equal to the system’s own noise,
which represents approximately the minimum temperature difference between two signals which the sensor
can resolve. In this study, the NEΔT is calculated based on the reported sensor noise for each band/channel.
The value of NEΔT is a function of the temperature at which the measurement is made (in Figure 3), and a
colder measurement temperature tends to have a larger NEΔT . The noise of the BTD method involving two
bands/channels is described as

Noise =
√

NEΔT 2
IR + NEΔT 2

WV (1)

where the two terms represent the NEΔT from the IR and WV channel/band, respectively. As shown in Figure 3,
IR window bands have a smaller NEΔT than WV bands. Thus, for broadband instruments, the effectiveness of
the BTD method for DCC detection is highly related to the NEΔT of the WV band. For hyperspectral IR sounders
such as AIRS and IASI, however, the IR channels have as much noise as WV channels.

Figure 3. NEΔT of IR window bands/channels (solid lines) and WV
bands/channels (dashed lines), respectively, for five instruments.
The x axis shows the scene temperature.

A new index called the brightness temper-
ature difference to noise ratio (BNR) for the
BTD method is defined when BTD> 0 as

BNR =
Tb,WV − Tb,IR√

NEΔT 2
IR + NEΔT 2

WV

(2)

BNR = 1 means that the BTD is equal to the
noise level. A BNR larger than 1 means that
the BTD signal is stronger than the noise and
the pixel is positively identified as the over-
shooting part of the DCC. Otherwise, a BNR
less than 1 means that the positive BTD might
be caused by noise and the pixel may be or
may not be the overshooting part of the DCC.
Larger values of BNR indicate a more accurate
DCC detection for an instrument.

In Figure 4, the BNR of five instruments is sim-
ulated by RTTOV with the profiles from the
QZ8501 case shown in Figure 1. Figures 4a
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Figure 4. (a) Relationship between BTD and TbIR. (b) Relationship between noise and TbIR. (c) Relationships between
BNR and TbIR. (d) Relationships between BNR and CTH. The simulation for these five instruments uses profiles from the
QZ8501 case (shown in Figure 1) by RTTOV.

and 4b display the relationships between the Tb of the IR bands/channels and the two terms in equation (2). As
indicated in equation (2), either a larger BTD value or a smaller noise results in a larger BNR value. In these two
panels both the BTD and noise grow larger as the cloud tops become higher, but the growth in BTD is more
drastic than that in noise. Therefore, colder cloud tops result in a larger BNR as demonstrated in Figure 4c.
Figure 4d shows BNR’s relationships with CTH (unit hPa). BNR is larger than 1 when CTH is higher than 140 hPa,
and the TbIR is colder than 200 K for AIRS and IASI, and it continues to grow as the cloud ascends.

In this figure, BNR values from hyperspectral IR sounders such as AIRS and IASI are remarkably larger than those
from imagers such as MTSAT-2, AHI, and VIIRS. AIRS has larger BNR values than IASI due to its smaller noise. For
imagers, however, BNR is only close to 1 when clouds are much higher than the corresponding results from
the sounders; in addition, it is not as sensitive to the CTH as the BNR from a hyperspectral IR sounder. In these
panels, it is notable that the noise values of MTSAT-2, AHI, and AIRS are very similar. AIRS performs best due to
the finer spectral resolution, and AHI seems better than MTSAT-2. VIIRS has BTD values similar to those from
MTSAT-2 but with the least noise among the five instruments. As a result, it performs better than MTSAT-2,
but its BNR is not as sensitive to CTH as AHI. It can be inferred that with additional WV channels on a future
VIIRS, improved DCC detection will be possible. Thus, it seems that advances in spectral resolution lead to
improvements in BNR for imagers, while smaller noise improves the performance for hyperspectral sounders.

4. Simulation Study for QZ8501 Case

The MTSAT-2 imager, AHI, and AIRS are used for simulation in the QZ8501 case. The real satellite zeniths as the
middle pixel in the analysis domain (2∘S, 110∘E) are applied for all the instruments.

The relationships between CTH and Tb are illustrated in Figures 5a–5c. The critical cloud top pressure (CCTP)
when BTD = 0 is used in this study as the minimum height where a convective cloud can be detected as a
DCC if not considering noise. This parameter in DCC identification differs among instruments given certain
atmospheric environments. The CCTP is very similar in the following situations: between 150 and 160 hPa
for the MTSAT-2 imager and AHI and between 160 and 170 hPa for AIRS. The corresponding values of TbIR

at CCTP are about 208 K for the MTSAT-2 imager and AHI, while 210 K for AIRS. In Figure 5, the Tb for the IR
band/channel is very similar since their wavelengths are both located in the atmospheric window zone with
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Figure 5. (a–c) The simulated relationships from RTTOV between cloud top pressure and simulated Tbs of the IR
band/channel (red lines) and WV band/channel (blue lines) for MTSAT-2, AIRS, and AHI, respectively. The grey
background denotes the ranges of CTH where BNR ≤ 1. The black line is the CCTP when BTD = 0.

Figure 6. Brightness temperature images at 0600 UTC 28 December 2014 from the atmospheric IR window band/channel on (a) MTSAT-2 and (b) AIRS. The blue
contours denote pixels where BNR = 1, and the green contours show pixels where BTD = 0. The red circles show the location where QZ8501 lost contact. The
Tbs of both IR and WV channels for all pixels are displayed (c) from MTSAT-2 and (d) from AIRS: for MTSAT-2 (Figure 6c) the x axis and y axis are Tbs of 10.8 and
6.75 μm bands, respectively, and for AIRS (Figure 6d), they are Tbs of 1231 and 1419 cm−1 channels. The blue dots show the pixels identified as DCCs when
BNR ≥ 1. The green dots are the pixels whose BTDs are within the noise level when BNR < 1. The red lines in Figures 6c and 6d are the simulated results of RTTOV
that CTHs are set from 100 hPa to 1000 hPa. The black lines are BTD = 0. (e) The image from the MODIS visible channel.
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Figure 7. Brightness temperature images at 0400 UTC 1 June 2009 from the atmospheric IR window band/channel on (a) SEVIRI and (b) AIRS. The blue contours
denote pixels where BNR = 1, and the green contours show pixels where BTD = 0. The red circles show the location where AF447 lost contact. The yellow lines
are the trajectory of CloudSat and CALIPSO. (c and d) The BNR along the trajectory of SEVIRI and AIRS, respectively. The grey background denotes the ranges of
CTH where BNR ≤ 1. The black line in these two panels is CTH measured by CALIPSO. (e) CloudSat and CALIPSO detections are shown. The black shadings are
clouds measured by CALIPSO. Colored shadings are reflectivity measured by CloudSat. The pink dashed line marks the cloud tops as indicated by CALIPSO. The
black contours inside the convective cloud show the range of radar reflectivity over 15 dBZ. The solid lines show the borders of DCCs identified by SEVIRI (blue)
and AIRS (red) where BNR ≥ 1.

little or no radiation absorption. The WV band/channel on MTSAT-2, AHI, and AIRS, however, each absorbs
water vapor differently. For a broadband imager such as MTSAT-2, only one WV band shows the radiation from
the middle atmosphere. AHI and AIRS, however, have more WV bands/channels displaying multiple levels of
WV radiation. The TbWV shows a significant decline from above 400 hPa for MTSAT-2, 300 hPa for AHI, and
about 200 hPa for AIRS. As the cloud top grows, the difference between TbIR and TbWV becomes larger for AIRS
compared to MTSAT-2 and AHI. It is this sensitivity of BTD to CTH that results in the sensitivity of BNR to CTH as
illustrated in Figure 4d. However, sensitivity of BTD to CTH does not occur for the MTSAT-2 imager. Sensitivity
of BTD to CTH is more likely to surpass its corresponding noise and could be used to estimate CTH with an
RTM. This result indicates the possibility to accurately estimate the CTH of DCCs identified by hyperspectral
instruments, such as AIRS, if the atmospheric profiles are available. As noted in section 3.2 that improvement
in the spectral resolution leads to better DCC identification, even as CTH becomes higher for the MTSAT-2
imager and AHI in Figure 5, the BNR value is less than 1.

Satellite images from the IR band/channel at 0600 UTC 28 December 2014 are displayed in Figures 6a, 6b,
and 6e. They show the fine spatial resolution of the MTSAT-2 imager which captures the detail of the cloud
edges. The Tb of the IR and WV band/channel for each pixel is plotted in the scatterplots in Figures 6c and
6d for MTSAT-2 and AIRS, respectively. DCCs are identified as BNR ≥ 1, and noise is defined as BNR < 1. The
red lines in these two panels simulated Tbs by RTTOV which represent the trend well when Tb is cold (around
200 K). The mean values of Tb for the noise pixels are both around 208 K, which is very close to the simulated
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Figure 8. Brightness temperature images at about 0600 UTC 9 November 2013 from the atmospheric IR window band/channel on (a) MI and (b) AIRS. The blue
contours denote pixels where BNR = 1, and the green contours show pixels where BTD = 0. The yellow lines are the trajectory of CloudSat. (c and d) The BNR
along the trajectory of MI and AIRS, respectively. The grey background denotes the ranges of CTH where BNR ≤ 1. The black lines in Figures 8c and 8d are the
CTH defined by −30 dBZ measured by CloudSat CPR. (e) CloudSat detection. Colored shadings are reflectivity measured by CloudSat. The black contours inside
the convective cloud show the range of radar reflectivity over 15 dBZ. The solid lines show the borders of DCCs identified by MI (blue) and AIRS (red) where
BNR ≥ 1. (f ) The visible image from Aqua MODIS.

Tb at CCTP (Figures 5a and 5b). This result demonstrates that the simple cloud scheme assumption works well
for the DCCs. The noise pixels have larger range in Tb in the MTSAT-2 image (from 188.1 to 218.6 K) than in
the AIRS image (from 199.3 to 209.7 K), which also indicates that hyperspectral IR sounders perform better at
DCC identification except for their coarser spatial resolution. The performance with future applications of high
spatial, temporal, and spectral resolution IR sounders on board geostationary satellites [Schmit et al., 2009] is
anticipated to be similar.

5. Comparison With Active Remote Sensing

In this section, active remote sensing data from CloudSat/CALIPSO are applied to analyze the BTD method’s
ability to identify high CTH weather systems.

The AF447 case is analyzed using imagery at 0400 UTC 1 June 2009 when CloudSat/CALIPSO products are
available. In Figures 7a and 7b, satellite images of the IR band/channel are displayed along with the trajec-
tory of CloudSat/CALIPSO. Figures 7c and 7d plot the BNR of the pixels along the trajectory with the cloud
range that are identified as DCCs and noise. The black lines in these two panels are the CTH derived from
CALIPSO measurements. In addition, the vertical radar reflectivity (dBZ) and cloud fraction measured by
CloudSat/CALIPSO are illustrated in Figure 7e. Despite the coarse spatial resolution of AIRS, there are fewer
noise pixels along the trajectory, and the DCC part identified by AIRS includes the convective core with over-
shooting cloud tops where radar reflectivity is larger than 15 dBZ [Alcala and Dessler, 2002]. Only a small
number of the pixels are identified as DCCs in the SEVIRI imagery. The noise range from SERIVI also covers a
slightly larger area than the DCCs identified by AIRS. Furthermore, SEVIRI shows only one pixel as DCC along
the CloudSat/CALIPSO trajectory (as noted by the blue line in Figure 7e), but AIRS identifies the DCC over-
shooting area (as marked by the red lines in Figure 7e). The overshooting area also corresponds to strong
radar reflectivity from the CloudSat 2B-GEOPROF profile. Comparing Figures 7c and 7d, it seems that the BNR
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Figure 9. Brightness temperature images at around 0430 UTC 8 July 2015 from the atmospheric IR window band/channel on (a) MTSAT-2, (b) AHI, and (c) AIRS.
The blue contours denote pixels where BNR = 1, and the green contours show pixels where BTD = 0. The yellow lines are the trajectory of CloudSat. (d–f ) The
BNR along the trajectory of MTSAT-2, AHI, and AIRS, respectively. The grey background denotes the ranges of CTH where BNR ≤ 1. The black lines in Figures 9f
are the CTH defined by −30 dBZ measured by CloudSat CPR. (g) CloudSat detection. Colored shadings are reflectivity measured by CloudSat. The black contours
inside the convective cloud show the range of radar reflectivity over 15 dBZ. The solid lines show the borders of DCCs identified by MTSAT-2 (blue), AHI (cyan),
and AIRS (red) where BNR ≥ 1. (h) The image from the visible channel of MODIS.

detected by SEVIRI is not sensitive to high CTH, which is similar to the simulation result of the QZ8501 case
for broadband instruments (Figure 4d).

As another example, we examined Supertyphoon Haiyan at approximately 0600 UTC 9 November 2013 when
only the CloudSat product is available. Although the convection near the eyewall of a typhoon might not be
as intense as that inside a DCC, the high cloud tops and large water vapor content are similar, which means
that the BTD method also works in typhoon monitoring. Figures 8a and 8b show satellite IR images. Figure 8c
and 8d plot the BNR of the pixels along the CloudSat trajectory. The CTH from CloudSat is detected as−30 dBZ
and plotted in Figures 8c and 8d as black lines. Figure 8e displays the vertical structure of Typhoon Haiyan
measured by CloudSat. Figure 8f is the visible image from Aqua MODIS. The MI noise is very close to that of
MTSAT-2. It can be seen in Figures 8c and 8d that more pixels have BNR larger than 1.0 for AIRS, and the AIRS
BNR also corresponds with the high cloud top better than MI. In Figure 8e, AIRS identifies an area of cloud
with a CTH higher than 15 km with relative strong precipitation. For the broadband MI, the BNR along the
trajectory is not as sensitive to the area of clouds with strong precipitation and higher CTH as AIRS.

The last case studied is Typhoon Linfa at about 0430 UTC 8 July 2015, for which both MTSAT-2 imager and AHI
observations are available. Figures 9a–9c show satellite IR images from MTSAT-2, AHI, and AIRS. Figures 9d–9f
plot the BNR of the pixels along the CloudSat trajectory as well. The black line in each panel is the highest
CTH defined by −30 dBZ. Figure 9g displays the vertical structure of Typhoon Linfa measured by CloudSat.
Figure 9h is the visible image from Aqua MODIS. Three instruments identify a similar location for the high
overshooting top shown in Figures 9d–9f, and the BNR from AHI and AIRS has better correspondence with
CTH. The improvement in the spatial and spectral resolution of AHI results in better performance in this case.
The BNR from AHI becomes more sensitive to CTH compared to that of MTSAT-2, so that multiple bands with
less noise are able to improve the DCC identification. In Figure 9a, some strange artifacts appear along the
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scanline direction in the blue contours. It seems that MTSAT-2 imager due to its lower spectral resolution is not
able to resolve the small difference between the values measured from the adjacent pixels along the scanline.
This could be another argument for improving the spectral resolution of the instrument. In addition, AHI even
outperforms AIRS in this case in terms of BNR, which can be attributed to its much finer spatial resolution
being able to reveal the details of the cloud top structure. However, both MTSAT-2 and AHI detect the multiple
cloud layers as DCC around 19∘N, which is not identified by AIRS.

From analyzing the three cases, it can be seen that BNR measured by AIRS is very sensitive to high CTH areas
where strong convection or strong precipitation occurs. The areas identified as DCCs by AIRS are more likely
to meet the required detection criterion of BNR ≥ 1; thus, the identification is more accurate compared to
broadband imagers. However, the spatial resolution of current hyperspectral IR sounders in polar orbit satel-
lites is coarser than that of high spatial resolution broadband imagers; therefore, they cannot provide spatial
details on monitoring the DCCs and other kinds of high-impact weather like typhoons and hurricanes. The
next generation of advanced geostationary satellite-based imagers such as the ABI on board the U.S. GOES-R
series and the AHI on board the Japanese Himawari-8 [Kurino, 2012; Bessho et al., 2016] has even higher spa-
tial resolution (2 km for IR bands) than the current five-band imagers and will provide detailed imagery both
spatially and temporally for DCCs. There is also an improvement in the spectral resolution of WV bands for the
next generation imagers. However, as indicated in this study, an advanced IR sounder in geostationary orbit
could provide more accurate DCC detection.

6. Summary

In this study, a new index known as BNR is defined to evaluate the accuracy of DCC detection for different
instruments using the difference between the WV and IR window radiances. If a pixel’s BNR is larger than 1,
the signal is stronger than noise, meaning that the pixel is part of the overshooting of the DCC. The simu-
lation results show that instruments with higher spectral resolution have a BNR significantly larger than 1
and its value is more sensitive to CTH than instruments with a broader bandwidth, which suggests better
performance in DCC identification.

The atmospheric environment of the QZ8501 case is used as input for RTTOV to simulate the TbIR and TbWV

for both broadband imager and hyperspectral IR sounder. With a simple cloud scheme, the BTD and BNR of
DCCs in tropical regions can be well simulated by RTTOV and are very close to the results from satellite mea-
surements. Although broadband imagers on board GEO satellites (e.g., MTSAT-2 imager, SEVIRI, and MI) have
finer spatial resolution and smaller noise (described by NEΔT), their BNR is closer to 1.0 and smaller when
detecting DCC compared with that from hyperspectral IR sounders (e.g., AIRS and IASI). The WV channel on
hyperspectral instruments detects moisture changes within a thinner layer than that on broadband instru-
ments, which results in a more sensitive BTD value that enables more accurate DCC identification. The test of
adding an additional VIIRS water vapor band shows that the smaller noise also improves the DCC identifica-
tion. Besides, with improvements in spectral resolution, the next generation imagers such as AHI on board the
Japanese Himawari-8/Himawari-9, the ABI on board the U.S. Geostationary Operation Environmental Satellite
(GOES)-R series, the Advanced Geosynchronous Radiation Imager (AGRI) on board the Chinse FengYun (FY)-4
series [Yang et al., 2016] not only provide imagery with higher definition but will also detect DCCs with a larger
BNR, because those new WV bands are able to detect moisture at different atmospheric levels [Di et al., 2016].
Additionally, a hyperspectral instrument [Schmit et al., 2009] on board the geostationary satellite, such as the
Geosynchronous Interferometric Infrared Sounder (GIIRS) on board FY4A launched on 11 December 2016, has
the potential to estimate CTH for DCC evolution because its BNR is significantly larger than 1.0 and very sen-
sitive to CTH. Those advanced imagers and sounder on board the new generation of geostationary weather
and environmental satellites provide DCC information with better accuracy and high temporal and spatial
resolutions.

With active remote sensing data from CloudSat/CALIPSO, the analysis of the AF447, Typhoon Haiyan, and
Typhoon Linfa cases also validates the sensitivity of BNR in high CTH identification by the BTD method using
AIRS and AHI. The BNR from AIRS and AHI is more consistent with high CTH than that from current generation
imagers. Nevertheless, the imagers, especially the next generation of imagers on board GEO satellites, still
have advantages in temporal and spatial resolution, giving detailed images showing DCCs. Based on the test
and analysis in this paper, when trying to improve VIIRS by adding an additional water vapor band(s), it is rec-
ommended that both better SNR and spectral resolution should be considered for accurate DCC detection,

AI ET AL. DCC DETECTIONS BY IMAGER AND SOUNDER 1710



Journal of Geophysical Research: Atmospheres 10.1002/2016JD025408

which is very useful for shortwave band calibration and validation. Since the advanced imagers have visible,
near-infrared, and infrared bands with high spatial resolution, and the advanced IR sounder has high spectral
resolution, both an advanced imager and an advanced IR sounder are desired on board the same geostation-
ary platform for better cloud characterization [Li et al., 2004a; 2004b, 2005a, 2005b] continuous DCC detection
and monitoring. Testing high cloud detection with advanced instrument in future work will also include more
cases of high-impact weather such as supercells, large hail, tornadoes, and hurricanes.
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