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Abstract: The top-of-the-atmosphere (TOA) reflectances of the Visible Infrared Imaging Radiometer
(VIIRS) M9 channel and the Moderate Resolution Imaging Spectroradiometer (MODIS) 26 channel
have been simulated using the libRadtran radiative transfer model and the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) Vertical Feature Mask data. The simulated data were analyzed to
quantify the performance differences between the VIIRS M9 and the MODIS 26 channels. Analysis of
simulated clear-sky TOA reflectances showed that compared MODIS channel 26, the VIIRS M9

channel always performs better in reducing background reflectance regardless of latitude, season,
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surface type, vapor content or surface elevation. For mid-latitude, sub-Arctic and tropical regions the
VIIRS M9 channel reduce the background reflectance by approximately 66.7 %, 52.6 % and 41.5 %,
respectively over the surface type of sandstone, compared to MODIS channel 26. Simulations for
cloudy skies showed that both stratus and cumulus clouds contribute less to VIIRS M9 and MODIS
band 26 TOA reflectances. Analysis of observed MODIS, VIIRS and CALIOP data was consistent
with the simulated results. The VIIRS M9 decreases clear-sky background reflectance by as much as
35.96 % and non-cirrus cloud reflectance by 29.86 % compared with the MODIS channel 26. The
observed reflectances of MODIS and VIIRS cirrus channels for clear-sky, non-cirrus cloud, and cirrus

cloud are 0.0133 and 0.0095, 0.020 and 0.015, 0.084 and 0.067 respectively.

Key points: VIIRS M9, MODIS band 26, Cirrus Cloud, Performance

1. Introduction

Satellite remote sensing is the most efficient method for observing global cirrus cloud activities.
Among the current satellite cirrus detection methods, 1.38 pm cirrus test method is the most effective
daytime cirrus cloud detection algorithm [Xia et al., 2015]. The 1.38 um water vapor absorbing band
was first used to obtain cirrus cloud information from the Airborne Visible/Infrared Imaging
Spectrometer (AVIRIS) data [Gao et al., 1993] in 1993. Then, the Moderate Resolution Imaging
Spectroradiometer (MODIS) [Justice et al., 1998] was launched on the Terra satellite in 1998 is a
satellite sensor with a 1.38 um cirrus cloud detection channel that greatly improves cirrus cloud
detection in daytime. Because of rapid global climatic changes, research has since focused on global

energy radiation balances, as terrestrial global change requires increasingly accurate cirrus cloud data
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[Sun et al., 2011; Kazantzidis et al., 2011; Roy et al., 2014]. As a result, many new sensors have been
designed to incorporate the 1.38 um cirrus cloud channels to monitor cirrus cloud activities. These
sensors include the Suomi National Polar-orbiting Partnership (Suomi NPP) Visible Infrared Imaging
Radiometer (VIIRS) [Cao et al., 2013; Xia et al., 2014], the Landsat 8 Operational Land Imager (OLI)
[Barsi et al., 2014], and the Sentinel-2 multi-spectral instrument (MSI) [Drusch et al., 2012] et al.
Since 1.38 pum channel plays important role in the cirrus cloud community, e.g. cirrus cloud
characteristics, thin cirrus path radiances correction etc., many studies have utilized it. For example,
Gao et al. [1995] used the MODIS 1.375-um channel to correct thin cirrus contamination in 0.4 to 1.0
pm region. Yang et al. [2001] studied cirrus bidirectional reflectance by using the MODIS 1.38 pm
cirrus data. Xu [2002] researched scattering characteristics of small ice circular cylinders in 1.38 um
data. Gao et al. [2002] presented a method to differentiate dust from cirrus clouds using the 1.38
um/1.24 pm reflectance ratio. Another study area has focused on cirrus cloud parameter retrievals and
energy radiation balances. For example, Gao et al. [1993] used the 1.38 um band to detect cirrus
clouds in 1993 for AVIRIS data. The MODIS Cloud Mask Algorithm [Ackerman et al., 1998; Frey et
al., 2008] performs the 1.38 um test only when the elevation is above 2000 meters or when the total
precipitable water over land surfaces falls below 0.75 cm to avoid false alarms. Roskovensky and Liou
[2003] combined the 1.38 um/0.65 um reflectance ratio with 8.6—11 pum brightness temperature
differences to enhance thin cirrus cloud detection. The VIIRS Cloud Mask algorithm used the total
precipitable water as the function to obtain the cirrus detection thresholds [Hutchison et al., 2012] to
overcome vapor content shortages. Xia et al. [2015] added a 11 um brightness temperature and a
multiday average land surface temperature test to improve MODIS and VIIRS cirrus detection
performance in the Tibet region. Kovalskyy and Roy [2015] analyzed conterminous United States

cirrus and non-cirrus clouds by using the Landsat 8 cirrus band.
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Although many studies have been conducted regarding the 1.38 pum cirrus cloud channel, no
research analyzes the actual performance differences between the newly designed VIIRS 1.38 um and
the MODIS 1.38 um channels under different situations. In addition, current cirrus test methods [Frey
et al., 2008; Hutchison et al., 2014; Baker, 2014; Xia et al., 2015] for the 1.38 um channel focus only
on one or two influence factors, e.g., vapor content or land type. None of the methods analyze how the
1.38 wm channel performs under different geolocations, altitudes, atmospheric parameters, cloud types,
land types, or viewing angles for MODIS and VIIRS, and these factors are important for designing a
reasonable cirrus test method and obtaining more precise thresholds. Hence, this study compared and
analyzed simulated data from the libRadtran radiative transfer model and observed data from the
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) in detail for the VIIRS and the MODIS
cirrus channels to identify how the improved and newly designed VIIRS cirrus channel performs better
than the MODIS cirrus channel. The comparison and analysis data will be a reference to develop more

precise cirrus-cloud detection methods.

2. Background

2.1 Radiative transfer in the 1.38 um channel

The main application of the 1.38 um channel is cirrus cloud detection. Hence, the radiative
transfer simulations must carefully include the relevant cloud optical properties. Many studies
considered the radiative transfer of the cloudy sky, and especially the cirrus cloud (or ice) radiative
transfer characteristics [Liou 1973; Hu and Stamnes 1993; Fu 1996; Liou, 2002; Key et al., 2002; Yang
et al., 2013; Baum et al., 2014]. A simplified, but illustrative, description of the radiative transfer in the
1.38 um channel was given by the equation (1) [Liou, 2002] which illustrates how the VIIRS M9 and

MODIS 26 channels are affected by cirrus clouds and other factors.
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I=1,+1 (1)
Here, I is the radiance obtained by the sensor, I, represents the two-way radiation (solar to ground,
ground to sensor), I, is the radiation reflected by the cirrus cloud that arrives at the sensor. The
relative magnitudes of I; and I, will change as the cloud optical thickness changes. For instance,
when the cloud is optically relatively thick and the surface reflected radiance cannot penetrate the
cirrus cloud, I, = 0, and I is mainly influenced by the cirrus cloud altitude which determines the
water vapor content between the cirrus cloud top and sensor, and solar zenith angle, viewing angle etc.
When the cirrus cloud is optically thin, radiation reflected of the surface may pass through the cirrus
cloud. Thus I; will be different from zero and I will be influenced by surface type and altitude, and

the water content in the total atmosphere.

2.2 Dataset and libRadtran

MODIS is the key instrument aboard the Terra and Aqua satellites. It acquires global data in 36
spectral bands within every 1 to 2 days. Due to high temporal resolution, high quality data products,
easy access and other features, MODIS is widely used by researchers to track changes in the Earth
system [Justice et al., 2002]. VIIRS extends from MODIS and the Advanced Very High Resolution
Radiometer (AVHRR) which has a viewing swath width greater than 2330 km and can provide global
observation information within 1 to 2 days. CALIOP, carried by the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite, was launched in 2006 and provides specific information about cloud and aerosol
profiles that is often used to evaluate the accuracy of cloud and aerosol retrieval algorithms [Holz et al.,
2008; Chan and Comiso, 2011; Maki et al., 2014; Xia et al., 2015]. Table 1 shows some characteristics
of the VIIRS and the MODIS cirrus channels and CALIOP.

Table 1. Characteristics of the VIIRS M9 and the MODIS band 26 channels and CALIOP.
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Sensor band Swath width ~ Band Bandwidth Resolution Quantization SNR

(km) (nm) (nm) (m) (bit) Require/On Orbit
MODIS 26 2330 1360-1390 30 1000 12 229/150
VIIRS M9 3000 1371-1386 15 750 12 227/83
CALIOP 0.333 532/1064 not fixed 14 83/50

Note: Lidars do not have a swath width and resolutions of the CALIOP change with altitudes.

The MODIS level 1B granular data, the VIIRS level 1 5-minute swath SDR and GEO 750 m data
downloaded from Goddard Space Flight Center (GSFC), were used in this study. The MODIS band 26
and the VIIRS MO reflectance were obtained from the L1 B data with low-quality pixels removed
using  Uncertainty Index  (dataset = EV Band26 Uncert Indexes for MODIS and
QF1_VIIRSMBANDSDR M9 for VIIRS) [Toller et al., 2003]. The profile information data used in
comparison was the CALIOP Level 2 5-km Vertical Feature Mask (VFM, Product version 3.30) data,
which describes the vertical and horizontal distribution of cloud and aerosol profiles (each profile was
divided into 545 layers with fixed vertical and horizontal resolutions for each layer) observed by the
CALIOP [Hunt et al., 2009].

To simulate the VIIRS M9 and the MODIS 26 channel radiances at TOA, the libRadtran software
package version 2.0.1 was used (www.libradtran.org) [Mayer and Kylling, 2005; Emde et al. 2016].
The libRadtran was adopted as simulation software in this study because it can support a lot of
alternative parameterizations of ice crystal habit directly [Fu 1996; Yang et al., 2013; Baum et al.,
2014], which is important to analyze the feature of cirrus cloud. The radiative transfer equation was
solved using the improved discrete-ordinate (DISORT) method by Buras et al. [2011], which is based
on the versatile and much used DISORT algorithm by Stamnes et al. [1988]. The spectral resolution
was 0.1 nm and gaseous absorption included using the parameterization by Gasteiger et al. [2014].

Various surface characteristics, clouds and ambient atmospheres were included as specified in the
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sections below.

2.3 Difference between the VIIRS and the MODIS cirrus channels

The pre-launch and on-orbit calibrations showed that the Terra and Aqua MODIS shortwave and
mid-wave infrared bands (bands 5, 6, 7, 26) suffered from a thermal leak problem, primarily caused by
an optical leak at the mid-wave infrared band, and an electronic crosstalk problem [Xiong et al., 2004].
These problems caused a sizable out-of-band response effect to the MODIS 1.38 um channel. When
designing VIIRS sensor, the engineers added a blocking filter to a focal plane, and the VIIRS 1.38 um
channel is no longer affected by the out-of-band response effect. Besides, in order to increase the
sensitivity to cirrus clouds, the VIIRS M9 was designed with a bandwidth of 15 nm, whereas the
bandwidth of the MODIS band 26 is 30 nm, as shown in Figure 1. Also, the VIIRS M9 channel has a
better signal-to-noise ratio (SNR) than the MODIS band 26 [Uprety et al., 2013; Xiong et al., 2014].

In theory, the improved design makes the VIIRS M9 channel more sensitive to water vapor
absorption than MODIS channel 26, since the M9 channel has a narrower band width and a better
out-of-band response, see Figure 1. On the other hand, the different center wavelengths of the VIIRS
M9 and MODIS 26 channels might cause different performance for the same atmospheric and surface
conditions due to the wavelength dependence of the reflectance, absorption and scattering
characteristics. Also, the better SNR for the VIIRS M9 channel implies that there might be improved
detection of optically thin cirrus clouds compared to the MODIS channel 26, that is the VIIRS M9 is
more sensitive than MODIS band 26 to cirrus clouds. Hence, the following sections analyze in detail

how the narrower bandwidth and the filter design improve cirrus cloud detection capabilities.
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Figure 1. Atmospheric transmittance corresponding to spectrum response regions of the VIIRS

M9 and the MODIS band 26 (at water vapor content of 1.0 g/cm?).

3. Comparison of the libRadtran simulations

For a strong 1.38 pum vapor absorption band, e.g. the VIIRS M9 and the MODIS band 26,
band-mean absorption efficiency factor is a concise indicator to evaluate performance. Specifically, the
band-mean absorption efficiency factor refers to the ratio of the absorption cross section and the
geometric cross section of the particle projected onto a plane perpendicular to the incident direction
[Wendisch and Yang, 2012]. As shown in Figure 1, the VIIRS M9 presents lager band-mean
absorption efficiency factor than the MODIS band 26. However, the purpose of designing the 1.38 um
channel is mainly for cirrus cloud detection, and the current cirrus cloud detection algorithm of 1.38
pm channel for MODIS and VIIRS usually takes the TOA reflectance as input data directly. Hence, in
order to make the result of this study directly applicable to design a more accurate test method for
cirrus cloud detection, we used TOA reflectance instead of the band-mean absorption efficiency factor
in this study.

The main simulation parameters used in sections 3.1 to 3.3 are listed in Table 2. Since the solar
8
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azimuth angle contributes less than the other parameters, the solar azimuth angle was not discussed as
an important variable and set to a fixed value in the simulation analyses. Besides, a common solar
zenith angle with 17 degree and solar azimuth angle with -110 degree were used in the simulation. In
Table 2, * means that the parameter is not a constant and will be analyzed with the simulations.

Table 2. The simulation parameters used in sections 3.1, 3.2, and 3.3.

Simulation parameters

Figures
Vapor Land Elevation Solar zenith Viewing zenith Solar azimuth

Number Cloud

(g/lcm?2) type (km) angle (degree) angle (degree) angle (degree)
Figure 2 * Sandstone 0.0 17 0 no -110
Figure3 0.5,2.0 * 0.0 17 0 no -110
Figure 4 2.0 Sandstone * 17 0 no -110
Figure 5 0.5,2.0 Sandstone 0.0 * * no -110
Figure 6 2.0  Sandstone 0.0 17 0 * -110

Equation (2) was used to indicate performance difference between VIIRS M9 and MODIS band

26 in the analyses.

p = £267Pmo » 1009, Q)
P26
where P indicates the variation percentage of TOA reflectance simulated by the VIIRS MO relative to
the MODIS band 26, p,¢ represents the TOA reflectance of the MODIS band 26, and p,,,9 represents

the TOA reflectance of the VIIRS M9. An alternative interpretation of equation (2) is that it shows the

reduction percentage of the reflectance as measured by VIIRS M9 compared to MODIS channel 26.

3.1. Vapor, land type and surface elevation

The principle of the 1.38 um cirrus cloud detection is based on vapor absorption in this band [Gao
et al., 1995]. With sufficient atmospheric vapor present (approximately 0.4 g/cm?) in the radiation

transmission path, the radiation from the earth surface or low-altitude cloud is masked by the vapor
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content absorption and cannot reach the sensor. When cirrus cloud is present, the reflected radiance
from the cirrus cloud is less influenced by the vapor content because the atmosphere between the cirrus
clouds and the sensor is usually very dry. Hence, if the TOA reflectance observed by MODIS band 26
in one pixel exceeds a particular value (threshold), then this pixel will be labeled as a cirrus cloud
covered pixel. This is the basic logic of the current cirrus cloud test method for the MODIS and the
VIIRS 1.38 um cirrus cloud detection algorithms [Frey et al., 2008; Baker, 2014]. Under the same
observation situations, if a sensor with the 1.38 um channel presents smaller TOA reflectance than
other sensors for non-cirrus, e.g. clear sky, stratus, we consider this sensor performing better in cirrus
cloud detection than others.

In the present study, the variation of water vapor content was simulated firstly. Figure 2(a) shows
the clear-sky reflectance of the MODIS and the VIIRS cirrus cloud channels at different water vapor

contents for the U.S. standard model atmosphere (more parameters are listed in Table 2).
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Figure 2. (a) The clear-sky TOA reflectance of the VIIRS and the MODIS cirrus cloud channels
for vapor content between 0.01 and 1.91 g/cm? (when the vapor content is greater than 2.0 g/cm?, the
reflectances for both VIIRS and MODIS cirrus cloud channels are small, so the part with vapor greater
than 2.0 g/cm? is not shown); (b) the reduction percentage of the TOA reflectances between the VIIRS
M9 and the MODIS band 26 for different model atmospheres.

As seen in Figure 2(a), the TOA reflectances for both the VIIRS M9 and the MODIS band 26
decrease as the vapor content increasing, and when water vapor content is less than 0.5 g/cm?, the
clear-sky TOA reflectance increases dramatically as the water vapor content decreasing, especially
when the water vapor content is less than 0.2 g/cm’. Generally, for the U.S. model atmosphere,
regardless of vapor content changes, the TOA reflectance of the VIIRS M9 is always smaller than the
MODIS band 26. This indicates the VIIRS M9 performs better than the MODIS band 26 under the
same vapor content. On the other hand, the vapor content decreases as the altitude increasing. Different
model atmospheres: tropic, sub-Arctic, and U.S. model atmospheres, with vapor ranges from 0.01 to
4.71 g/cm? were simulated and the detailed reduction percentage of the TOA reflectance was showed

in Figure 2(b). As shown in Figure 2(b), the VIIRS M9 presents smaller clear-sky TOA reflectance

11
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than the MODIS band 26, and the reflectance is reduced by 74% at most for a water content 1.2 g/cm?.

Various surface types with different reflectivity substantially influence the final energy reaching
the sensor. The sensitivity to the surface characteristics for the VIIRS M9 and the MODIS band 26
were simulated for the U.S. standard model atmosphere over seven surface types: water, coarse
granular snow, conifers grass, deciduous trees, black loam and arkosic sandstone, as shown in Figure
3(a) and (b). All the spectral information of these materials was obtained from the NASA JPL spectral

library [Baldridge et al., 2009].
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Figure 3. (a) The clear-sky TOA reflectance results with a vapor content of 2.0 g/cm?; (b) 0.5
g/cm? over seven surface types for the VIIRS M9 and the MODIS band 26; (c) the TOA reflectance
reduction percentage between the VIIRS M9 and the MODIS band 26.

In Figure 3(a), when the water vapor is relatively moderate (2.0 g/cm?), the TOA reflectance of
the VIIRS MO is barely aftected by the surface backgrounds. However, for the MODIS band 26, the
situation was opposite, especially for bright surfaces, e.g., sandstone. As shown in Figure 3(b), when
the vapor drops to 0.5 g/cm?, both the VIIRS M9 and the MODIS band 26 are greatly influenced by
bright surfaces and less impacted by dark backgrounds, such as water and conifers grass.

The reduction percentages of TOA reflectance calculated by equation (2) between the VIIRS M9
and the MODIS band 26 with vapor contents at 0.5, 1.0 and 2.0 g/cm? are shown in Figure 3(c). In
general, the VIIRS M9 suppresses TOA reflectance caused by different surface types better than the
MODIS band 26. The reduction percentage of the maximum TOA reflectance for bright surfaces is
approximately 80%, and the reduction percentage of the TOA reflectance is less than 15 % for dark
ground. The difference in reduction percentages indicated that the VIIRS M9 performs better over

bright surfaces than dark surfaces compared with the MODIS band 26, despite the fact that bright

13



238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

surfaces presents greater reflectance than dark backgrounds under the same conditions.

Generally, atmospheric water vapor content drops with increasing surface elevation, and the TOA
reflectance increases significantly along with increasing atmospheric transmittance. As a result, the
MODIS 1.38 um cirrus cloud test does not perform when the surface elevation is greater than 2000 m.
The clear-sky TOA reflectance of the two channels with surface elevations from 0 m to 5500 m under
the U.S. standard model atmosphere is simulated as shown in Figure 4(a). The result shown in Figure
4(a) indicates that when the surface elevation increases, the clear-sky TOA reflectance increases, and
no matter how the surface elevation changes, the TOA reflectance of the VIIRS cirrus cloud channel is
always lower than that of the MODIS.

The reduction percentages of TOA reflectance under vapor content of 0.1, 0.5 and 1.0 g/cm? are
shown in Figure 4(b). According to Figure 4(b), the performance difference between the VIIRS M9
and the MODIS band 26 varies with the change of surface elevation. VIIRS can reduce approximately
80 % more of the background reflectance than the MODIS band 26 when the surface elevation is
approximately 0 km, and as the surface elevation increasing, the reflectance reduction percentage
decreases. In fact, as the surface elevation reaches 5.5 km (the vapor content is abundant e.g. 2.0
g/cm?), the reflectances for both the MODIS and the VIIRS M9 are greater than 0.01 (as shown in
Figure 4(a)) which is greater than the reflectance for most thin cirrus clouds. This means that it is very

difficult to distinguish thin cirrus clouds from the land surface.
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260 and the MODIS band 26.

261 3.2. Solar zenith angle and sensor viewing angle

262 In satellite remoting sensing, the solar zenith angle influences the incident radiation, and the
263  viewing zenith angle influences the path length of the radiation transmission between the observed
264  object and the sensor. Changes in both the solar zenith angle and the sensor viewing angle will result in
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different clear-sky background reflectance. In this section, the clear-sky TOA reflectance was
simulated for the MODIS and the VIIRS cirrus cloud channels at different solar zenith angles and
sensor viewing angles under a low vapor content of 0.5 g/cm? and a moderate vapor content of 2.0
g/cm?, as shown in Figure 5. At higher water vapor levels, such as 2.0 g/cm?, variations of the solar
zenith angle and the sensor viewing angle have little influence on the TOA reflectance. When the water
vapor content is 0.5 g/cm?, the low water vapor absorbs less reflected energy from the earth’s surface.
The variations of the solar zenith angle and the sensor viewing angle contribute more to the TOA
reflectance than the vapor content of 2.0 g/cm?. Similar to the simulation results for surface types,
vapor content and surface elevation, the VIIRS M9 always produces lower TOA reflectance than the

MODIS band 26 for all simulated zenith and viewing angles.
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Figure 5. (a) The clear-sky TOA reflectance of VIIRS and the MODIS cirrus cloud channels for
solar zenith angles ranging from 17 to 47 degrees; (b) the clear-sky TOA reflectance of the VIIRS and

the MODIS cirrus cloud channels for sensor viewing angles ranging from 0 to 60 degrees.

3.3. Cirrus and non-cirrus

For the current 1.38 pum cirrus cloud test method, the ability to identify cirrus cloud mainly
depends on reflectance differences between cirrus cloud and background. The factors affecting the
reflectance include not only the factors shown in sections 3.1 and 3.2 but also non-cirrus clouds, such
as cumulus and altostratus, which have been neglected in previous research. In this section, different
cloud base altitudes and thicknesses for cirrus, altostratus, stratus and cumulus clouds are analyzed to
evaluate the performance of the VIIRS M9 and the MODIS band 26 for the U.S. standard model
atmosphere.

Figure 6 shows the simulated TOA reflectances of stratus, cumulus, altostratus and cirrus cloud
under different cloud-base altitudes, effective droplet radii, liquid/ice water contents and cloud
thicknesses for the VIIRS M9 and the MODIS band 26. The cloud thickness is defined as the altitude

difference between the highest and lowest cloud profile boundary altitude for which either water
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droplet or ice particle density is positive. The cloud base altitude and thickness were adopted from the
MODerate resolution atmospheric TRANsmission (MODTRAN) cloud models [Berk et al., 2005].
Cirrus cloud optical properties were calculated using the model provided by Yang et al. [2013]. The
detailed cloud properties used in the simulation are listed in Table 3.

Table 3. Cloud thickness, cloud-base altitude, liquid/ice water content and effective droplet radius

used in the simulation.

Thickness Cloud base Liquid/ice water  Effective droplet
Cloud type
(km) altitude (km) content (g/m*) radius (um)
Cirrus 0.3,0.6, 1.0 6.0to 15 0.03/0.08 20
Altostratus 0.3 2.41t05.7 0.2 8
Stratus 0.34 0.33to 1.38 0.28 7.3
Cumulus 0.34 0.66 to 2.97 0.26 5.8
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Figure 6. The TOA reflectance for the VIIRS and the MODIS cirrus cloud channels under
different base altitudes and (a) ice water content of 0.03 g/cm?, (b) ice water content of 0.08 g/cm?, (¢)
altostratus cloud, (d) stratus cloud, and (e) cumulus cloud.

The special optical properties of cirrus cloud, especially thin cirrus cloud, allow the radiance from
the background to pass through the cirrus cloud easily and be detected by the sensor. For the 1.38 um
channel, the TOA radiance for cirrus clouds is determined not only by the water vapor content in the
radiative transfer path, but also by the cloud altitude and cloud optical properties. In Figure 6(a), when
the cirrus cloud thickness is small, the MODIS band 26 displays greater TOA reflectance than the
VIIRS MO. This is due to the background reflectance can pass through the cirrus cloud and contributes
more to the TOA reflectance than the thin cirrus, as presented in section 2.1 equation (1). However, it
does not enhance MODIS’s ability to detect cirrus cloud, for the VIIRS M9 eliminates more
background reflectance than the MODIS band 26, as shown in section 3.1 and 3.2. In addition, Figure
6(a) indicates that when the cirrus cloud thickness or cloud base altitude are small, neither the VIIRS
nor the MODIS cirrus cloud bands can detect thin cirrus with a high degree of confidence. For

example, when the cirrus cloud thickness is 300 m, the cirrus cloud reflectance is approximately 0.02
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(optical thickness about 1.0), which is similar to the reflectance of some surface types or a cumulus
cloud with a cloud-base altitude of approximately 3.0 km.

When cirrus cloud has high altitude and large thickness, the background barely contributes to the
TOA reflectance. As shown in Figure 6(b), when the cloud-base altitude is higher than 12 km and
cirrus cloud thickness is 1000 m, the TOA reflectance of the VIIRS M9 is slightly larger than the
MODIS band 26. This is due to the radiance from the cirrus cloud can not be attenuated by the vapor
when the vapor content between the cirrus cloud top and sensor is extremely low, and cirrus cloud
reflectance for VIIRS center band is slightly larger than the center band for the MODIS cirrus cloud
channel [Liou, 2002]. But one should notice that in a real atmosphere, the vapor content in each layer
may not be consistent with the atmospheric profile used in the simulation, and the reflectance
performance will be different as shown in the Figure 6(a).

As the cloud-base altitude decreases, the altostratus reflectance in Figure 6(c) shows that the
VIIRS M9 has lower TOA reflectance than the MODIS band 26. In addition, when the altostratus
cloud-base altitude is greater than 5 km, the altostratus cloud provides large TOA reflectance, and thin
cirrus clouds with a small extinction coefficient may not be distinguished from the altostratus clouds in
the extratropics for the current MODIS and the VIIRS 1.38 pm cirrus cloud test methods [Frey et al.,
2008; Hutchison et al., 2012].

In general, stratus and cumulus clouds are usually locate at low altitude and contribute little to
1.38 um reflectance. The reflectances for stratus and cumulus clouds are shown in Figures 6(d) and
6(e). As it shown that when the cloud-base altitude is less than 3 km, the maximum TOA reflectances
of stratus cloud in the simulation for the MODIS band 26 and the VIIRS M9 are within 0.005 and
0.001 respectively. These values are very similar to the clear-sky TOA reflectance of most land types.

For cumulus clouds, the maximum TOA reflectance occurs at the cloud-base altitude of 2.97 km with
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values of 0.024 and 0.01 for the MODIS band 26 and the VIIRS M9.

Figure 7 shows the detailed variation percentages of the TOA reflectance between the VIIRS M9
and the MODIS band 26 calculated using equation (2). As can be seen in Figure 7, when the
cloud-base altitude is less than 5.75 km, the MODIS band 26 has greater TOA reflectance than the
VIIRS MO. This indicates that the VIIRS M9 is more effective in suppressing the radiance from
non-cirrus clouds than the MODIS band 26. When the cloud-base altitude ranges from 6 km to 11 km,
the MODIS band 26 presents slightly larger TOA reflectance than the VIIRS M9 for cirrus clouds with
a cloud-base altitude greater than 6 km. However, this situation has no influence on the cirrus cloud
detection algorithm because the MODIS band 26 presents a larger TOA reflectance over non-cirrus
cloud and clear-sky situations than the VIIRS M9. Besides, as shown in Figure 7, when the cloud-base
altitude is greater than 11 km, the VIIRS M9 TOA reflectance is slightly greater than the MODIS band
26 due to the low vapor content between the cirrus cloud and sensor, and the thick optical thickness of

the cirrus which obstructs the background radiance.
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Figure 7. The variation percentages of the TOA reflectance between the VIIRS M9 and the

MODIS band 26 for stratus, cumulus, altostratus, and cirrus clouds with ice water content of 0.08 g/cm?
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and cloud thicknesses of 1000 m.

3.4. Regional and Temporal Simulations

The influences of the sensor viewing angle and the solar zenith angles, as well as vapor, surface
types, surface elevation, and clear-sky reflectance were analyzed in sections 3.1 and 3.2. In this section,
a comparative analysis is presented for different locations (tropical region, sub-polar region and
mid-latitude region) with satellite-observed water vapor amounts. In the simulation, the MODIS 8-day
synthetic water product in one year was used [Kaufman et al., 1998; Hubanks et al., 2015] and the time
for each day was set to 1:30 PM as same as the MODIS and VIIRS pass over. It is very difficult to
obtain the real reflectance of 1.38 um for the corresponding object in one year for the surface type
changing with season, thus a constant surface type (standalone) was used in this study. Another reason
to select the surface type as standalone is that the surface type with relative large reflectance will
present the maximum difference between the two sensors for different regions. Different model
atmospheres are chosen for each season and region. The detailed geographical position of the analyzed
regions is shown in Table 4.

Table 4. The geographical positions for the simulation regions used in the study.

Region Latitude (Deg) Longitude (Deg) Elevation (m)
mid-latitude 32.0 83.0 W 0.0
sub-polar 60.0 115.0E 50.0
tropical 0.0 113.0E 50.0

Figure 8 illustrates the simulation results. In general, for each region the reflectance changes in
different seasons due to the variation in the vapor content, and the reflectances in winter and spring are
larger than other seasons. For mid-latitude region, the VIIRS M9 channel reduces the background

reflectance by about 66.7 % compared to the MODIS band 26. For sub-polar region, the narrow-band
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VIIRS cirrus cloud channel performs less efficiently than it does for mid-latitude region that have
relatively sufficient water vapor. Overall, the VIIRS M9 channel reduces the background reflectance
by approximation 52.6 % compared with the MODIS band 26. For tropical regions, due to the high
vapor during the entire year, the background contributes less to the reflectance of the VIIRS M9 and

the MODIS band 26. The VIIRS M9 decreases the TOA reflectance by about 41.5 % compared with

the MODIS band 26.
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Figure 8. Simulated annual variations in clear-sky reflectance for the VIIRS and the MODIS
cirrus cloud channels using observed water vapor as inputs over (a) a mid-latitude region, (b) a

sub-polar region, and (c) a tropical region.

4. Comparative analysis with CALIOP data

Section 3 gave detailed simulation analysis for the VIIRS M9 channel and the MODIS channel 26,
in this section we compared the MODIS channel 26 and the VIIRS M9 channel measurements for

non-cirrus cloud, cirrus cloud and clear-sky cases as identified by CALIOP.

4.1 data processing

CALIOP, as a Lidar, has a congenital advantage in providing the profile information of the
atmospheric, and is often employed by researchers to validate the accuracy of the algorithms used to
retrieve the cloud parameter [Holz et al., 2008; Hutchison et al., 2014]. In order to use CALIOP VFM
data to evaluate the MODIS channel 26 and the VIIRS M9 channel, the first step is to get the matching
datasets of CALIOP, MODIS and VIIRS for the same geographical position with similar imaging time.

In the study, the method proposed by Nagle and Holz [2009] was used to obtain such match-ups. Due
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to the fact that CALIOP has high sensitivity to cloud tops and optically thin cirrus clouds [Winker et al.,
2007], or multi-layer clouds exist, a new rule to redefine the cirrus cloud pixel was that the pixel of
this VFM data would be recognized as a cirrus cloud, only when the top-layer cloud information of the
VFM data is cirrus cloud and the continuous distribution of cirrus cloud layers is no less than 5 [Xia et
al., 2015]. This rule was also used to define the non-cirrus cloud pixel in the study. Then, the match-up
pixels were divided into three types: cirrus cloud pixels, non-cirrus cloud pixels, perfect clear-sky
pixels. Perfect clear-sky pixel means perfect clear in both three sensors, and the non-cirrus cloud pixel
is covered by non-cirrus cloud in both three sensors. The cirrus cloud pixel is just based on the result
observed by CALIOP. The MODIS and VIIRS cloud mask products were used to identify the clear or
cloudy status of the sky for MODIS and VIIRS observation respectively [Frey et al., 2008; Hutchison
et al., 2012].

When validating the performance of the VIIRS cloud mask product by CALIOP, Hutchison
[Hutchison et al., 2014] limited the imaging interval between VIIRS and CALIOP within 20 minutes.
In this study, we also adopted this rule that the imaging interval between the MODIS, VIIRS and
CALIOP should be less than 20 minutes. In most cases, the maximum imaging interval of 20 minutes
is acceptable to evaluate the performance difference between the VIIRS M9 and the MODIS band 26
over non-cirrus cloud, because most of non-cirrus clouds usually move slower than the cirrus cloud.
However, 20 minutes is too large to evaluate performance difference between VIIRS and MODIS
cirrus channel over cirrus cloud, for some of the cirrus clouds located at upper troposphere where wind
speed is strong over this region. The strong wind means cirrus clouds can move dozens pixels within
20 minute, as a result, the object at the same geolocation observed by CALIOP, MODIS and VIIRS
may be totally different. Hence, additional rules should be applied to filter the obtained data for cirrus

cloud pixels.
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According to the study by Garnier et al.[2017], when assessing the performance of the CALIPSO
Imaging Infrared Radiometer (IIR) through MODIS data, the brightness temperature difference of 11
pm channels between MODIS and IIR was limited to +2.1 K to eliminate match-up pixels with
different cloud contamination. In this study, this criterion was employed for the cirrus cloud match-up
pixels, the brightness temperatures of 11 um for the same pixel observed by the two sensors should
have a difference less than 2.1 K. Besides, according to the simulation results, if the value of the
match-up pixel calculated by equation (2) is less than -1.5 or greater than 0.5, then this match-up pixel

will be eliminated.

4.2 Results

CALIOP, VIIRS and MODIS data from January to September of 2014 over the Tibetan Plateau,
the U.S., the equator region, the sub-Arctic region and Africa were downloaded from the Atmospheric
Science Data Center (ASDC) at the NASA Langley Research Center and the GSFC Level 1 and
atmosphere Archive and Distribution system, to evaluate the cirrus channel performance difference
between the VIIRS and the MODIS cirrus cloud channels. These regions are representative areas for
evaluating the actual performance between the MODIS band 26 and the VIIRS M9 over different
surface types, elevations, vapor content. More information about the regions is listed in Table 5.

Table 5. Information for the regions used in the study.

Region Geo-location (°) Main Surface Type Mean Elevation (m)
Tibetan Plateau 27~35N, 83~95 E Bare land 4000
U.S. 27~33 N, 89~92 W Grassland 50.0
Equator 0E~10N, 100~110 E Sea water 0.0
Subarctic 57~62 N, 108~112 E Forest 450
Africa 20~29 N, 19~30 W Desert 300

As the simulation analysis showed in section 3.3, the TOA reflectance difference between the
27



441 VIIRS M9 and the MODIS band 26 depended on cloud type and was substantially influenced by cloud
442  altitude. Hence, this study used the x-axis to represent cloud-top altitude, which was obtained from the
443  CALIOP VFM data, and the y-axis to represent the reflectance difference between the MODIS band 26

444 and the VIIRS M9, as shown in Figure 9.
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Figure 9. Actual reflectance difference of the VIIRS and the MODIS cirrus cloud band in different
regions: (a) tropical, (b) mid-latitude (U.S.), (c) Africa (desert), (d) high-altitude (Tibetan Plateau) and
(e) sub-Arctic.

As shown in Figure 9, for a region with ample water vapor content, e.g., the equator region, the
high water vapor content masks almost all background reflectance from the surface or cloud with low
cloud-top altitude. As a result, the reflectance difference between the VIIRS M9 and the MODIS band
26 is small when the cloud-top altitude is less than 4 km or the sky is perfectly clear, as the blue or
orange points shown in Figure 9(a). For a region with low vapor content, e.g., the Tibetan Plateau
region shown in Figure 9(d), the situation is opposite. High surface elevation and low vapor content in
the Tibetan Plateau region, shown as the blue and orange points in Figure 9(d), cause substantial
background reflectance for both clear-sky and non-cirrus cloud. The reflectance difference between the
VIIRS M9 and the MODIS band 26 is greater than in other regions. In addition, for the non-cirrus
cloud pixels shown in the mid-latitude region (U.S.), Africa desert region and the sub-Arctic region,
the reflectance differences between the VIIRS M9 and the MODIS band 26 demonstrate a similar trend
with those shown in the equator region. In general, almost all of the non-cirrus cloud and clear-sky
pixels reflectance differences shown in Figure 9 are greater than 0, which is in agreement with the
simulation results for non-cirrus clouds and clear-sky showed in section 3. This means the VIIRS M9
is more efficient to decrease the clear-sky background reflectance than the MODIS band 26.

For cirrus cloud in the equator region (Figure 9(a)), most of the cirrus cloud reflectance
differences (red points) are non-negative. It indicates the MODIS band 26 displays greater reflectance
than the VIIRS M9 for cirrus cloud, which is inconsistent with the simulation results shown in section
3.3 Figure 6 (a) and (b). However, for other regions, such as the U.S., Africa, and the sub-Arctic

regions, the reflectance variations with the cloud-top altitude are coincidental with the simulation
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results shown in section 3.3 Figure 6(b). The reflectance differences (red points) in Figures 9(b), (c)
and (e) show that as the cloud-top altitude increasing, the reflectance differences between the VIIRS
M9 and the MODIS band 26 decline. Especially, when the cloud-top altitude is higher, e.g., 14 km,
the VIIRS M9 represents similar and even slightly larger reflectance than the MODIS band 26.

The inconsistent results for the cirrus cloud reflectance difference between the equator and other
regions are primarily due to the different troposphere depths which lead to different amounts of water
vapor around the cirrus cloud layer and different atmosphere profile. In the equator region, the average
depths of the troposphere are 20 km, which is higher than in other regions, e.g., 17 km in the
mid-latitude region and 7 km in the polar region. The higher depth of the troposphere provides more
vapor content between the cirrus cloud and sensor in the equator than other regions. When the cirrus
cloud altitudes over the equator and other regions are equal, the large amount of vapor content in the
equator results in a smaller cirrus cloud reflectance for the VIIRS M9. However, as the cirrus cloud-top
altitude increases to 18 km, as shown in Figure 9(a), the amount of water vapor between the cirrus
cloud top and sensors can almost be ignored, and the reflectance values between the VIIRS M9 and the
MODIS band 26 are similar.

The mean reflectance of the MODIS and VIIRS cirrus channels, as well as variation percentages
of reflectance calculated by equation (2) in the Tibetan Plateau, the equator, the sub-Arctic, Africa and
the U.S. regions are shown in Table 6. The mean variation percentage of reflectance for clear sky is
35.96 %, close to the result shown in section 3.4, and the mean variation percentage of reflectance for
non-cirrus cloud is 29.86 %. Due to the large vapor content between the cirrus cloud and sensors, as it
mentioned above, a larger variation percentage of reflectance for cirrus cloud was presented in the
equator region (28.83 %), than other regions. Considering this point, in the equator region, the

narrower band design of the VIIRS M9 band may not perform as better as it shown in other regions.
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Table 6. The statistical information of reflectance in the Tibetan Plateau, the equator, the
sub-Arctic, Africa and the U.S. MN stands for pixel number of match-up; MR indicates mean
reflectance for the MODIS and VIIRS 1.38 pum channel respectively; PV represents variation

percentage of reflectance calculated by equation (2) with unit %

Cirrus Cloud Non-Cirrus Cloud Clear Sky
Region
MN MR PV MN MR PV MN MR PV
Tibetan
827 0.1321/0.108 13.54 618 0.080/0.071 14.48 1624 0.0920/0.0810 12.58
Plateau
Equator 517  0.089/0.075 28.83 726 0.007/0.005 20.48 867 0.0010/0.0008 23.34

Subarctic 608  0.033/0.027 12.01 546 0.014/0.009 3420 649 0.0020/0.0014 28.62

Africa 512 0.037/0.029  5.03 1546 0.015/0.006 24.52 7950 0.0061/0.0028 41.79
U.S. 876  0.049/0.039 4.72 727 0.022/0.017 27.2 1374 0.0089/0.0062 28.77
Mean 3340 0.084/0.067 12.63 4163 0.020/0.015 29.86 12464 0.0133/0.0095 35.96

In order to make the result of the study be used as a reference to design a precise cirrus test
method, the detailed reflectance over each region is listed in Table 6. As shown in Table 6, in the
equator region, due to the ample vapor, the reflectances of non-cirrus cloud and clear-sky for both the
MODIS band 26 and VIIRS M9 are smaller than other regions. In general, the VIIRS M9 has lower
clear-sky reflectance of 0.0095 than MODIS of 0.0133. This difference indicates the cirrus cloud
detection threshold of VIIRS can be set smaller than MODIS, so more thin cirrus can be recognized by
the VIIRS. Besides, as can be seen in Table 6, both the reflectances of non-cirrus cloud and clear-sky
differ in the U.S., Africa, the equator, therefore, region-orientated algorithms should be designed for
the cirrus cloud detection.

In addition, as shown in Table 6, the reflectance over the Tibetan Plateau region for both cirrus
cloud, non-cirrus cloud and clear-sky are greater than other regions, e.g. the clear-sky reflectance of

0.092 and 0.081 for the MODIS and VIIRS cirrus channels in the Tibetan Plateau. This difference is
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512 due to the extremely low vapor content causing substantial background reflectance, which passes
513  through cirrus clouds and is detected by the sensor. In fact, due to the substantial background
514  reflectance, the current MODIS and VIIRS 1.38 um cirrus cloud algorithm usually fails to perform
515 over this region in winter [Frey et al., 2008; Hutchison et al.,, 2012]. Hence, the feature that the
516  temperature of the cirrus cloud is lower than the surface [Xia et al., 2015] or other composite of other

517  bands might be used to improve the performance of cirrus cloud test.

518 5 Conclusions

519 In this study, the Visible Infrared Imaging Radiometer (VIIRS) and the Moderate Resolution
520 Imaging Spectroradiometer (MODIS) cirrus cloud channels were compared using simulated and actual
521 observed data. The comparison analyses using simulated and actual MODIS, VIIRS and
522 Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) data show that the improved VIIRS M9
523  channel, which has a narrower bandwidth and a removed out-of-band response effect, performs better
524  than the MODIS band 26. The simulation results indicate the VIIRS M9 can reduce clear-sky
525  background reflectance by approximately 66.7 %, 52.6 % and 41.5 % compared with the MODIS band
526 26 in the surface of sandstone over mid-latitude, sub-Arctic and tropical regions. The analyses based
527  on actual observation data show that the VIIRS M9 can reduce non-cirrus cloud reflectance by 29.86 %
528  and reduce clear-sky reflectance by 35.96 % compared with the MODIS band 26.

529 Although MODIS and VIIRS have substantial capabilities for detecting cirrus clouds, according
530 to the analyses in this study, we still face challenges when using the 1.38 um band to gain more
531  accurate cirrus information. First, different regions have different atmospheric conditions, including
532  water vapor content and surface characteristics that create different background reflectance, so a

533  constant threshold for the entire test is inaccurate. Second, for some regions with low vapor content,
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the background reflectance caused by low vapor is greater than the cirrus cloud reflectance, so the
current test will fail to perform. Third, non-cirrus clouds with high altitude, especially stratus clouds,
will be misclassified as cirrus clouds when a relatively low threshold is used. On the whole, further
studies needs to be done regarding the 1.38 pum cirrus test to provide more accurate cirrus cloud

identification.
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Figure 1. Atmospheric transmittance corresponding to spectrum response regions of the VIIRS M9 and

the MODIS band 26 (at water vapor content of 1.0 g/cm2).

Figure 2. (a) The clear-sky TOA reflectance of the VIIRS and the MODIS cirrus cloud channels for
vapor content between 0.01 and 1.91 g/cm2 (when the vapor content is greater than 2.0 g/cm2, the
reflectances for both VIIRS and MODIS cirrus cloud channels are small, so the part with vapor
greater than 2.0 g/cm2 is not shown); (b) the reduction percentage of the TOA reflectances

between the VIIRS M9 and the MODIS band 26 for different model atmospheres.

Figure 3. (a) The clear-sky TOA reflectance results with a vapor content of 2.0 g/cm2; (b) 0.5 g/cm2
over seven surface types for the VIIRS M9 and the MODIS band 26; (c) the TOA reflectance
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reduction percentage between the VIIRS M9 and the MODIS band 26.

Figure 4. (a) The clear-sky TOA reflectance of the VIIRS M9 and the MODIS band 26 under different
surface elevations; (b) the reduction percentage of the TOA reflectance between VIIRS M9 and

the MODIS band 26.

Figure 5. (a) The clear-sky TOA reflectance of VIIRS and the MODIS cirrus cloud channels for solar
zenith angles ranging from 17 to 47 degrees; (b) the clear-sky TOA reflectance of the VIIRS and

the MODIS cirrus cloud channels for sensor viewing angles ranging from 0 to 60 degrees.

Figure 6. The TOA reflectance for the VIIRS and the MODIS cirrus cloud channels under different
base altitudes and (a) ice water content of 0.03 g/cm3, (b) ice water content of 0.08 g/cm3, (c)

altostratus cloud, (d) stratus cloud, and (e) cumulus cloud.

Figure 7. The variation percentages of the TOA reflectance between the VIIRS M9 and the MODIS
band 26 for stratus, cumulus, altostratus, and cirrus clouds with ice water content of 0.08 g/cm3

and cloud thicknesses of 1000 m.

Figure 8. Simulated annual variations in clear-sky reflectance for the VIIRS and the MODIS cirrus
cloud channels using observed water vapor as inputs over (a) a mid-latitude region, (b) a

sub-polar region, and (c) a tropical region.

Figure 9. Actual reflectance difference of the VIIRS and the MODIS cirrus cloud band in different
regions: (a) tropical, (b) mid-latitude (U.S.), (c) Africa (desert), (d) high-altitude (Tibetan Plateau)

and (e) sub-Arctic.
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