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Abstract The tropical cyclone (TC) in East Asia varies strongly each year, indicating the different spectral
characteristics of the TC cloud systems (TCCSs) with the distance from the center of TC. We report a new
perspective of optical properties of TCCS by using the Moderate Resolution Imaging Spectroradiometer and
Tropical Rainfall Measuring Mission data over the years from 2010 to 2014 for the 35 TCs in East Asia. We
investigate the spatial distribution of the cloud-top height, radar reflectivity, polarization corrected
temperature in 85.5 GHz (PCTgs 5), hydrometeor vertical profile, cloud water path, cloud optical thickness, and
cloud particle effective radius of TCCS in the development, maturity, and decay stages of TC. The results
indicate the significant differences of cloud characteristics in the maturity stage in comparison to other two
stages, showing the higher radar reflectivity up to 30 dBZ and the PCTgs 5 as low as 232.98 K in the TC eye wall.
Meanwhile, the mean hydrometeor profile indicates more ice particles accumulating above the height of
10 km but less liquid droplets near 3 km. The peak of cloud water path and cloud optical thickness in the
maturity stage can reach to 1,300 g/m? and 75, respectively. The mean cloud particle effective radius and
precipitation in the three stages could be influenced by aerosols. Based on these quantified results, several
ideal fitting equations and the models are constructed to denote the properties of TCCS. Two cases are
analyzed to examine the accuracy of the quantified mean state for different stages of TCCS and the
relationship between aerosols and clouds.

1. Introduction

Tropical cyclones (TCs) are the most deadly storms on earth, and the intense TCs are capable of producing
catastrophic loss of lives and property damage to coastal residents around the world (Chang et al., 2012;
Yonekura & Hall, 2014), especially in East Asia (Chan & Kepert, 2010). And the TC cloud system (TCCS) is also
a key factor in climate modulation system (Balaguru et al.,, 2014; Mei et al., 2013; Sriver & Huber, 2007). As a
large-scale cloud system, it reflects the shortwave radiation from the sun and emits the long-wave radiation,
which controls the fluctuation of atmospheric temperature (Koh & Fonseca, 2015; Pithan et al, 2014;
Stephens & Wong, 1987). Also, from a climate dynamic standpoint (Li et al., 2010), TCCS is particularly impor-
tant for the accurate representation of numerical simulations for the cloud distribution and radiation globally
(Houze, 2010).

TCs often form from the tropical warm ocean, where the traditional observation data from buoys, ships, and
surface-based stations are sparse (Montgomery & Farrell, 1993). In the past decades, due to the development
of space technology and satellite remote sensing, the satellites are more suitable methods for studying large
scale of TCCS surveillance than other observation means. Cloud dynamic structure and precipitation with a
broader spatial and temporal distribution can be investigated by a systematic examination method
(Matveev, 1999). The satellites can provide a temperature and moisture vertical profile through a deep cloud
system from visible, infrared band to microwave band. For example, Special Sensor Microwave Imager,
Tropical Rainfall Measuring Mission (TRMM), and Moderate Resolution Imaging Spectroradiometer (MODIS)
could provide a variety of technical support for studying TCCS macroscopic and microphysical characteristics,
which is critical for TCCS short-term forecast and intensity analysis (Liu et al., 2008; Marchand et al., 2010;
Tourville et al., 2015).

ZHOU ET AL.

9542


http://orcid.org/0000-0002-3297-2782
http://orcid.org/0000-0003-0700-4859
http://orcid.org/0000-0001-9599-3874
http://orcid.org/0000-0002-2845-8422
http://orcid.org/0000-0002-6583-1476
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1029/2018JD028357
http://dx.doi.org/10.1029/2018JD028357
mailto:hanyong@nju.edu.cn
mailto:hany66@mail.sysu.edu.cn
https://doi.org/10.1029/2018JD028357
https://doi.org/10.1029/2018JD028357

AAAAAAAAAAAAAA
'AND SPACE SCiENCE

Journal of Geophysical Research: Atmospheres 10.1029/2018JD028357

Consequently, previous researches have been conducted on the satellite application in intensity, dynamic,
thermodynamic, or precipitation of the TCCS (Balaguru et al., 2014; Haig & Nott, 2016; Wing et al., 2015).
Chao et al. (2011) made use of both infrared and visible satellite images to estimate the TC rotation and wind
speed. Lau et al. (2008) utilized the TRMM rainfall data to study the relationships between TC and extreme
rain events. In addition, the TCCS optical characteristics are important factors for understanding the role of
TCCS in the Earth's radiation budget, for example, cloud optical thickness (COT) and cloud particle effective
radius (CER; King et al, 2004; Szczodrak et al, 2001; Nakajima & King, 1990). Nakajima and King (1990)
described that the COT and CER can be determined from a water-absorbing channel in the near-infrared
wavelength and a nonabsorbing channel in the visible wavelength. And, a well-behaving inversion algorithm
can be applied to compute cloud optical properties in the satellite-based measurement (Bennartz, 2007;
Wood et al., 2008).

Aerosol effects on clouds could further extend to precipitation, through the formation, development, and
decay of clouds, therefore, it is essential to master the microphysical process of aerosols on clouds
(Rosenfeld et al., 2012; Wang, Lee, et al., 2014). Prior study of aerosol indirect effect has confirmed that one
of the major influence factors is that enhanced aerosol content can suppress the precipitation by reducing
the particle size (Squires & Twomey, 1960). Furthermore, Albrecht (1989) found that the increasing of aerosol
concentration may reduce the size of cloud droplets and the precipitation may be shut off or delayed. And
aerosol invigoration effect on convective cloud system for thunderstorms (Wang et al., 2011) and extra-TCs
(Wang, Fu, et al,, 2014) have also been elucidated carefully. There are ample pieces of evident of aerosol indir-
ect effects from in situ, remote sense, and ground-based observations (Lin et al., 2010; Min et al.,, 2008, 2012).
Remote sensing of aerosol concentration and size parameters from satellite is also essential to the contribu-
tion of the aerosol radiative forcing on the cloud climate change. The aerosol product derived from MODIS is
continuously being evaluated with ground-based measurements at global, regional, and local scales and at
different time scales in previous studies (Kahn et al., 2007; Li et al., 2007; Zhang & Reid, 2006). And absorbing
aerosols could seriously affect COT, rain rate, and liquid water content retrievals from both remote sensing
measurements (Li et al.,, 2011, 2014). In remote sensing data set, research progress in the aerosol product
in the vicinity of clouds is essential to help us separate the aerosol and cloudy pixels. In the assumption that
most cloudy pixels exhibit larger spatial variability than the aerosols, passive remote sensors distinguish the
signals between them. The aerosol observation near the cloud edge was retrieved by aggregating the reflec-
tance from six channels at 553, 664, 855, 1,243, 1,623 and 2,199 nm (Martins et al., 2002), respectively. The
standard deviation of 553 nm reflectance is compared to the threshold of 0.0025. If it is larger than 0.0025,
the pixel is declared cloudy (Martins et al., 2002). The experiments conducted by Redemann et al. (2009) show
an increase of 20% in aerosol optical thickness (AOT) in the proximity of clouds due to the humidity increas-
ing. Ichoku et al. (2004) suggested that MODIS aerosol products have been proven useful and accurate for
estimating the regional aerosol radiative forcing both at the top of the atmosphere and close to the surface.
Generally, the integration of TCCS with aerosol process obtained from the satellite sensors is a powerful tool
and provides under great opportunity to address this issue.

A number of foregoing studies have examined the characteristics for a single TCCS or case study (Han et al,,
1998; Kidder et al., 2009; Nesbitt et al., 1999). To our best knowledge, there is lack of the statistical spatial dis-
tribution characteristics with the distance from the center of TC on optical properties, such as the radar reflec-
tivity, PCTgs 5, cloud water path (CWP), COT, and CER, as well as their variability in the TCCS development,
maturity, and decay stages, combined by multiple TCs in East Asia. Satellite imagery is often used to estimate
structure and intensity or the characteristics of single TC (the previous detailed research progress is listed in
Table 1), but the synergistic use of satellite data set can help further understand TC life cycle. In this study, we
analyze the cloud spectral structure information of TCCS based on the data set from TRMM and MODIS; 35 TC
events landing in East Asia during 2010 to 2014 are investigated. The aim of this present study is to under-
stand the spatial distribution and optical properties of TCCS through 5 years satellite data and to build a rela-
tionship or ideal fitting equations for the spatial variability. The quantification of the TC cloud spectrum will
add our knowledge of the diversity of cloud and the complexity of the microphysical processes and finally
optimize the TC forecasting process. To better understand the effects of aerosol on clouds, especially on
the convective clouds, we select a TC case for further analysis. Correlations between aerosol effective radius
(AER) and CER from the MODIS are examined along the track of TC. The layout of the paper is as follows. In
section 2, a brief description of the valid data set and methodology is given. Section 3 presents and
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Table 1
Cloud Optical Properties Detected by Satellite in Other Investigations
Instrument Research priority TC References
TRMM Vertical wind shear storm motion  All TCs from 1998 to 2000 Chen et al. (2006)
ISCCP Temporal and spatial distribution  All TCs from 1983 to 2005 Knapp and Kossin (2007)
MODIS Brightness temperature An extratropical cyclone in the  Otkin and Greenwald (2008)
coT North Atlantic Ocean
cwp
TRMM Rain band characteristics TCs from 1993 to 2007 Yokoyama and Takayabu (2008)
CloudSat Cloud classification Prapiroon(2006) Durden et al. (2009)
A-train Cloud water products lleana(2006)
Cloud ice products
FY-3B Ice water path Muifa(2011) Wang, Fu, et al. (2014)
MODIS Brightness temperature Merbok(2011)
AMSU-A Cloud fraction Sandy(2012) Han et al. (2016)
MODIS Brightness temperature Haiyan(2013)

Suomi-NPP  COT

Note. TC = tropical cyclone; TRMM = Tropical Rainfall Measuring Mission; MODIS = Moderate Resolution Imaging
Spectroradiometer; COT = cloud optical thickness; CWP = cloud water path.

discusses the observation results from satellites. We focus on the variation of TCCS characteristics in this work.
Two cases are also proposed to analyze the interaction between cloud and aerosols, and due to the
complexity of the interaction, two case studies are not enough to reveal the mechanism, so this part has
not been overemphasized in this paper. And conclusions and summary are shown in section 4.

2. Data and Methods

To illustrate the spatial distribution of optical properties on TCCS, we first select 35 case studies of TC. Next, to
generalize the results, we analyze the observed TC data from MODIS and TRMM satellites, focusing on the
spatial variation along the distance from the center of TC on optical properties of TCCS, such as the radar
reflectivity, PCTgs.5, CWP, COT, and CER at TCCS in development, maturity, and decay stages. More details
are provided in the subsections below.

2.1. Satellite Products

The satellite products from NASA TRMM (Iguchi et al., 2000; Olson et al., 2000) and MODIS are used (Platnick
et al.,, 2003). The TRMM houses four functioning instruments (Kummerow, 2000), including the precipitation
radar, Microwave Imager (TMI), Lightning Image Sensor, and Visible and IR Scanner. The precipitation radar
looks through the precipitation column and provides new insights into tropical storm (TS) structure and
intensification. The TRMM TMI measures the microwave energy emitted from the Earth, and then quantifies
the water vapor, the cloud water, and the rainfall intensity in the atmosphere. The TMI has a 760-km swath
width with horizontal resolution of 5 X 7 km. It can obtain the information on the vertically integrated ice
and water path. Although the wavelength at 85.5 GHz is more sensitive to the reflection of ice particles, how-
ever, there are some ambiguities from the combination of scattering and absorption effects at this wave-
length (85.5 GHz), especially it is difficult to objectively distinguish regions of dry clear air from cold-cloud
precipitation over the ocean. In order to eliminate the error, the polarization-corrected temperature at
85.5 GHz (PCTgs 5) was given by Spencer et al. (1989) as follows, PCTgs 5 = 1.818Tgyg55 — 0.818Tgygs 5, Which
combines 85.5 GHz horizontal polarization channel Tgygs 5 with vertical polarization channel Tgygs s value. It
removes the contrast in brightness temperature over land versus ocean. The ice-scattering signals are
retained, so the depression of PCTgs 5 directly reflected the vertically integrated ice water path.

The MODIS instruments are on-aboard the Terra and Aqua satellites (Boeke et al., 2016; Platnick et al., 2003),
respectively, which can provide global observations of Earth’s land, oceans, and atmosphere in the visible
and infrared regions of the spectrum. The Level 2 products on cloud (MOD 06) and aerosol (MOD 04) of
MODIS are selected in this study, and the products include the brightness temperature, cloud height, COT,
CER, CWP, AOT and AER (Menzel et al., 2015; Platnick et al., 2015). The COT is a key parameter that reflects
the characteristics of cloud radiation properties through the vertical integration of the extinction
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Table 2

The Intensity of TC Classification

Intensity classification

Maximum surface wind
near TC center (m/s)

Abbreviations

Tropical depression
Tropical storm
Severe tropical storm
Typhoon

Severe typhoon
Super typhoon

coefficients. It is closely related to the CWP in the TCCS. AOT represents the
extinction of incoming solar radiation by aerosols through the whole
atmospheric column. CER and AER are the mean cloud and aerosol particle
size. All of them are the key parameters in the atmospheric water circula-

10.8-17.1 D tion and Earth’s radiative energy balance study.

17.2-244 TS

245-326 sTS 2.2. Methods

327-414 TY In Table 2, we show six categories of TC according to the intensity classifi-

it =1 cation standard of China Meteorology Administration (Ying et al.,, 2014;
>50.8 Super TY

http://tcdata.typhoon.gov.cn). The life cycle of each TC can be divided into

Note. TC = tropical cyclone.

three stages: development, maturity, and decay stage. The development

stage is defined from the TC generation to the Severe TS (STS). The matur-
ity stage is defined as the intensity being in or surpassing Typhoon (TY). The extinction stage is defined from
the TC weaken to extinction.

About the TC's radial range, Larson et al. (2005) suggested that 550 km could be a threshold of TC raining area
from the historical statistical data investigation. Englehart and Douglas (2001) also found that there are about
90% TC cases’ radius less than 550-600 km from the center of a storm to the outer edge TCCS. In different
stages, there are remarkable correlation between the scale and intensity of TC (Lu et al., 2011). Overall, a trun-
cation of 500 km could reflect the mean state characteristics of TCs to some degree. After we analyzed the
average maximum wind radius of TS, STS, and TY 30 kt from 1977 to 2015 in East Asia, there are 267.929,
389.910, and 487.764 km, respectively. Based on these facts, we define that the TC radial range is less than
500 km in East Asia.

We select 35 TCs (Figure 1) landfalling in China from 2010 to 2014 from the RSMC Tokyo-Typhoon Center
[http://www.jma.go.jp/ and http://tcdata.typhoon.gov.cn]. Because there are some differences between the
record time and the overtime of TRMM and MODIS, we use the linear interpolation to determine the exact
intensity and the eye location of each TC. We finally achieved 434 orbits of TRMM data sets (version 6) includ-
ing 1B11, 2A12, and 2A25. And at the same time, there are 294 orbit MODIS data including MODO06 cloud pro-
ducts within +2 hr when TRMM passed by East Asia region. There are 227, 102, and 105 orbit data for the
development, maturity, and decay stage of TCCS from TRMM satellite, respectively. Meanwhile, we get
157, 63, and 74 orbit data for those TCCS from MODIS, respectively.

3. Results and Discussion
3.1. The Structure of TCCS

We begin with the statistical analysis of 35 TCCS cases in East Asia during 2010 to 2014. Houze (2010) indi-
cated that the TCs can be divided into three components in horizontal direction as follows: the TC eye, the

60N .
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-—Degeneration Gt - { ¢ ~< Time Name Time Name
Typhoon 73 r ~. ... -| 01100711-0718 Conson 21 120817-0901 Tembin
Severe Tropical Storm, 4 1 o]
Tropical Storm . P 02100717-0723 Chanthu 22 130619-0624 Bebinca
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. Ay 05100907-0914 Meranti 25 130715-0718 Cimaron
40N —.. i 05100914-0921 Fanapi 26 130728-0803 Jebi
VS 07 101013-1024 Megi 27 130808-0818 Utor
08 110608-0611 Sarika 28 130816-0824 Trami
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Figure 1. The 35 landfilling tropical cyclones in China during the period from 2010 to 2014 recorded by RSMC Tokyo-

Typhoon Center.
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cloud eye wall, and the spiral cloud-rain band. The TC eye is usually near
the center of a mature TCCS with just little rain and free of clouds, where
air sinks rather than rises. The cloudy outer edge of the eye is a convective
cell called the eye wall, where the greatest wind speeds are found, air rises
most rapidly, clouds reach to their highest altitude, and precipitation is the
heaviest. Outside the eye wall, the extensive region of spiral cloud-rain
band can be found.

Knowledge of cloud properties like cloud-top height (CTH) is essential to
understand their impact on Earth’s radiation effect. To compare the CTH
in different stages directly, Figure 2 shows the average CTH for the 35
cases calculated from MODIS product. In general, the CTH is expected to
reduce with the increasing distance to the TC eye, except within the range
of 100 km in the maturity stage. For the decay stage, the average CTH is
about 2 km lower than that of development stage. And for the develop-
ment stage, the average CTH is 1 km lower than that of maturity stage.
As we know, a well-defined eye is one of the most remarkable features
of a mature TC, where mostly calm weather occurs. The eye is always clear
or has low-level clouds. Therefore, the CTH for maturity stage in TC eye is

lower than that in eye wall region. Although the CTH for three stages is dif-
ferent, the descending gradient for three stages does not change greatly.

Resolution Imaging Spectroradiometer MODO06 products for the 35 TCs in In order to study the inner structure characteristics of TCCS, Figures 3a-3c

the development, maturity, and decay stages in East Asia, respectively.

TC = tropical cyclone.

present the radar reflectivity in three different stages above ground level
to the altitude of 10 km by the TRMM 2A25 data, which is mainly related
to the particle or droplet phase and size distribution of cloud. The statis-
tical differences show that the relationships between the radar reflectivity and TC intensity are as follows:
In the development and maturity stage, the obvious existence of TC eye slightly reduces the mean radar
reflectivity close to the center core. But, it rises up quickly in the eye wall because of the small size of the
eye compared to the whole cloud system. In decay stage, there is no remarkable feature of TC eye. We
can also clearly see that the area of intensified radar reflectivity (>28 dBZ) in maturity stage is twice or more
than the one at other two stages in horizontal direction. A wider extension range will reach up to near
200 km away from the TC center in maturity stage, around 180 km in development stage, and 100 km in
decay stage. Meanwhile, most radar reflectivity in maturity stage can exceed 30 dBZ, which covers a consid-
erable area near the eye wall. The occurrence of higher radar reflectivity thresholds in this stage illustrates
that convective activities can be promoted significantly with the increasing intensity. The height with the
maximum echo is always concentrated near 5 km, which suggests the influence of the bright band at this
height. At the height of 5-6 km, the radar reflectivity decreases to 24 dBZ for the ice water mixed layer.
Previous research has been conducted that the depth of mixed layer was concerned with the water vapor
mixing ratio and the temperature, which could cause a sharp decrease in the radar reflectivity (Heinselman
et al,, 2009; Heymsfield et al., 1999). Meanwhile, above 6 km of the ice layer, the increasing of ice particle
content leads to the water vapor content quickly depresses to 20 dBZ. In the spiral cloud-rain band, a small
quantity of large radar reflectivity can be observed. The average radar reflectivity drops to 25 dBZ. However,
there still exists a little large echo near 1-2.5 and 4-5 km, respectively. The radar reflectivity distinctions
among the three stages indicate that the intensity of TCs shows much influence of genesis and destruction
in the cloud systems. When predicting the intensity, the radar reflectivity presented above suggests the rule
that the stronger stage the TC is, the larger radar reflectivity is, especially within the range of eye wall. It
probably reflects that the more convective core and complex microphysical process frequently occur in
this region.

3.2. The Optical Parameters Spatial Variation of TCCS

Figure 4 shows the radial variation of average PCTgs s derived from TRMM 1B11 products, and the three dif-
ferent color curves represent the development stage, maturity stage, and decay stage, respectively. In order
to avoid the influence of land or ocean surface, all the sample points of PCTgs s > 273 K are ignored. From
Figure 4a, we find that the average values of PCTgs; s are almost between 230 and 260 K in all stages.
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Figure 3. The average radius-height sections of radar reflectivity (units: dBZ)
derived from Tropical Rainfall Measuring Mission 2A25 products of 35 TCs in
(a) development stage, (b) maturity stage, and (c) decay stage of TC cloud
system in East Asia, respectively. TC = tropical cyclone.

However, there is still some significant difference in radial variation among
them, especially within the range of 100 km. In general, the mean PCTgs 5
in the decay stage is 7-8 K higher than that in development stage and 15-
20 K higher than maturity stage in the eye wall region. While the most
obvious change appears in the maturity stage, the PCTgs s decreases first
and followed by a sharp increase in this stage near the TC eye, where
the most particles have a lower PCTgs 5 value than that of others. This fea-
ture in the TC eye also appears in development stage and decay stage, but
less obvious than that of maturity stage. The minimum PCTgs 5 values at
three stages are 244.78, 232.98, and 251.22 K appearing near 42, 26, and
30 km, respectively, which reflects that, in maturity stage, there are a pro-
nounced ice scattering signature and tighter structure for TCCS. In the dis-
tance of 100-500 km from the center of TC, the mean PCTgs5 in the
extinction stage still maintains the highest value. The lines of development
and maturity stage tend to overlap, because the cloud cover becomes
scarce away from the center or the TCCS would be affected by other
weather systems.

Figures 4b-4d are the PCTgs s distribution within 500 km; we only show
the lowest 5% to mean percentile of the whole distribution in the con-
sideration of only the low value of PCTgs s having the profound physical
meaning. The upper limit of it, which reflects the mean distribution of
PCTgs5, has been discussed above. These pictures also indicate that
85% of pixel points are located above temperatures of 220 K, except
for that of the 100 km from the TC eye in maturity stage. The closer to
the storm center, the lower the probability that PCTgss exists. In the
development (Figure 4b) and extinction stage (Figure 4d), only few pix-
els reveal the PCTgs s under 200 K. The PCTgs s can provide information
about the vertical distribution of the hydrometers within the TCCS.
Under this condition, there is lower PCTgs s for most cloud particles in
maturity stage than that of the other two stages, attributed to the ice
scattering within deep convection and precipitating anvil clouds. The
results above indicate that the content of ice particles is relatively small
in the development and decay stage. With the development of TCs, the
PCTgs 5 decreases sharply within 100 km from the TC center in maturity
stage, which reflects that the content of ice particles relatively increase
in the eye wall.

In order to understand hydrometeor in the TCCS, we analyzed the varia-
bility of cloud liquid and ice water in vertical distribution. Figure 5 shows
the results at the three different stages of TC. The greatest variability was
near the troposphere at the height of 9-13 km for the cloud ice water
content in Figures 5a-5c. And there was also a relative maximum around
2.5 km for the cloud liquid water content in Figures 5d-5f. In the maturity
stage, two separated liquid layers were found at 1 and 2.5 km, respec-
tively. The same situation also appears in previous research (Bao et al.,
2016; Yao et al,, 2014). We assumed that the maximum liquid water layers
in 1 km were affected by the large amount of the moist air under the
inversion layer. The air below the inversion exchanges momentum and
moist enthalpy with the sea and mixes in complicated ways with air from
the eye wall (Willoughby, 1998). With the strengthening of TCCS, there
are the most ice particles (>9 g/m) in the high altitude and least water

droplets (<6 g/m3) in the low altitude in maturity stage. This result matches well with the PCTgs 5 distribu-
tion, which further illustrates the development of the TCCS and ice particles concentration in this stage.
Meanwhile, in the decay stage, the most liquid water droplets (>40 g/m3®) and the least ice water
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Figure 4. The PCTgs 5 radial variation is derived from Tropical Rainfall Measuring Mission 1B11 products. (a) Variations in
the range of 500 km. The detail variations and PCTgs 5 distribution in (b) development stage, (c) maturity stage, (d) decay
stage of TC cloud system, respectively. The gray shadow represents value of the 5-15 percentiles and the colorful
shadow represents the 15-mean percentiles. TC = tropical cyclone.

particles (around 7 g/m®) are found than those at other two stages. To some extent, the content of ice
particles can reveal the genesis and extinction of the TCCS. When locating in the ocean, plenty of energy
sources from the warm sea surface provide TCCS with strong updrafts. The moisture from the see
surface will be taken to the high level and then convert to the ice crystal. Once TCs make landfall, the
surface friction and the disappearance of energy source make the TC intensity decrease rapidly. Thus,
there will be more ice crystal converting to the water droplets in this stage.

Figure 6 gives the spatial variations of COT, CWP, and CER from MODIS product along the radial direction of
TC. The results indicate the formation, development, and extinction of a TC. According to the radar reflectivity
calculated above, the high value (>28 dBZ) could represent the eye wall of a TCCS. Therefore, a range of
200 km would cover the full scope of eye wall and the TCCS optical properties always have remarkable char-
acteristics within this range. For the CWP and COT in Figures 6a and 6b, they show similar variation trend. In
the maturity stage, the mean CWP and COT display a sharp increase in the TC eye wall, and then decreases
rapidly out of 100 km. We can observe that there are more water droplets concentrated in the cloud top in
the maturity stages. But in the development stage and decay stage, they decrease slowly with the increase
of distance. The lines or values of CWP in the TC development and extinction stage are close to each other
in the whole distance, while the COT value at the decay stage is significantly higher than that at the develop-
ment stage. In order to model their spatial variability, we make the regression analysis as shown in the dashed
lines in Figure 6.
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Figure 5. Height-radius sections of (a)—(c) cloud ice water content (g/m3) and (d)-(f) cloud liquid water in the development
(left), maturity (middle), and decay (right) stage of TCs, respectively. TCs = tropical cyclones.

Table 3 gives the regression results (fitting equation and R?) about the variation trend of CWP, COT, and CER
in the development, maturity, and decay stages of TCCS, respectively. In Figures 6a and 6b, the regression
fitting equations for development and decay are y = 834.658 — 1.114x and y = 785.610 — 0.951x for CWP
and y =43.723 — 0.061x and y = 51.273 — 0.061x for COT, respectively. However, in the maturity stage, they
exhibit a strong variation in radial direction, especially within 200 km. The greatest water concentration
appears near 100-km location, where the peak values are about 1323.16 g/m? for CWP and 74.09 for

COT. The regression equations in this stages (Figures 6a and 6b) are y = 366.8724—%

andy = 19.619 + %, respectively. The high regression R* (exceed 0.95) indicates that there

are strong linear relationship between the two parameters (COT and CWP) and the distance. The small resi-
dual sum of squares illustrates that regression equations are greatly fitted to the observation data (The
detailed information can be seen in the Table 3). However, the fitting results are not good in the vicinity
of TC eye because the eye of a TC is a zone of weak winds, and the weather is normally calm and free
of clouds. In addition, there are a lot of small-scale, hard-to-observe, transient convective bursts in the
eye wall. The sudden change characteristics of cloud lead to great discrepancies of cloud properties in a
continuous area.

As we know, the different TCCSs usually have different radial sizes. In order to achieve better optical charac-
teristics spatial distribution of TCCSs, the results should be normalized. That is to say, for each TC, when
calculating the mean cloud optical properties distribution from 0 to 500 km, the x-axis should use the radial
distance divided by the mean maximum wind radius, not the radial distance. Figure 6d depicted the normal-
ized result in the maturity stage for COT. The change trend is similar with the spatial distribution in Figure 6b.
It has a peak value of 71.849 where the proportion is 0.19. After that, the COT declined rapidly. When the
proportion is larger than 2.5, it fluctuated greatly again and the result has some difference compared to
the spatial distribution. We propose this method to illustrate that both of them could explain the distribution
of optical properties of TCCS while the only difference is the x axis. However, the distance to the TC center
could clearly and directly illustrate the spatial variation of TCCS more than the proportion. In addition, the lack
of the data set in the development and decay stages prevented us making further analysis, which is why we
select the method of distance distribution denormalized as the x axis in this paper.
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For the CER, all the regression lines are shown in Figure 6c¢. A very interesting feature is that no great variation
can be found following the TCCS radial direction of each stage. Within the radial distance of 0-500 km, only
some slight fluctuation is found for each stage. After the landfall of TCCS, the CER is close to 25 um in the
decay stage, which is smaller than the 32 um of the development stage and 30 um of maturity stage.
Table 3

The Regression Fitting Equation, R? and Residual Sum of Squares of CWP, COT, and CER in the Development, Maturity, and Decay Stages, Respectively

Stages Regression fitting equation R? Residual sum of squares
CWP Development stage y =834.658 — 1.114x 0.969 204885.328
Maturity stage 0.964 817470.369
_ 35638973.050
y =366.872 + 4(x—51.958)?+39869.327
Decay stage y =785.610 — 0.957x 0.943 289867.360
coT Development stage y=43.723 — 0.061x 0.963 797.436
Maturity stage — 0.970 2197.143
yS19:61985 4(x—48.548) +36948.402
Decay stage y=51.273 — 0.061x 0.985 306.684
CER Development stage y =31.249 + 0.008x — 0.00001° 0.674 12.078
Maturity stage y =28.627 + 0.138x — 0.00003x° 0.687 28.901
Decay stage y=24.823 +0.011x — 0.00003x° 0.671 59.676

Note. COT = cloud optical thickness; CWP = cloud water path; CER = cloud particle effective radius.
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Figure 7. The variation curves for the aerosol optical thickness (a) and aerosol effective radius (b) are derived from
Moderate Resolution Imaging Spectroradiometer MODO04 products. TC = tropical cyclone.

Kobayashi (2007) found that the CER for precipitation clouds is always larger than that of nonprecipitation
clouds. The decrease of CER in the decay stage indicates that there is less precipitation when TC makes a land-
fall. Previous researches also revealed that aerosols could affect the cloud droplets (Albrecht, 1989; Bréon
et al.,, 2002; Rosenfeld, 2000) by increasing the aerosol concentrations and decreasing the cloud drop size.
From Figure 6¢, the strongest stage of TCCS is not always corresponded to the largest CER, which might
be associated by the aerosol concentration.

To illustrate the special change of CER, we calculate the AOT, a proxy for the aerosol concentration and effec-
tive radius (AER) around the TCCS. As we can obviously see from Figures 7a and 7b, the aerosol characteristics
in the decay stage show significant difference from those in the development and maturity stages. For
instance, the decrease in aerosol particle size and increase in optical thickness are indicated in the decay
stage of TC; the average AOT is around 0.6 in the decay stage while in
the development and maturity stage it displays near 0.2. However, the

AER shows that, in the development stage, the mean effective radius is
0.3 um larger than the one at the other two stages. From Figure 6¢, we
know that cloud droplet size is found to be the smallest in the decay stage
which might be associated high aerosol loadings (i.e., high AOT) shown in
Figure 7a. After the landfall of TC, the smaller and diverse aerosols on land
may inhibit collision-coalescence in the cloud, suppressing cloud droplet
growth that stops drizzle and other precipitation (Albrecht, 1989). The
MODIS could not provide us with the aerosol product covered by cloud.
That is to say, the MODIS aerosol observation data in the TC center is very
few in the TC center and become more concentrated at the edge of TCCS.

——— Development stage
Maturity stage
Decay stage

The changes in the microphysical and optical properties of cloud and aero-
sol will finally alter cloud precipitation efficiency. Measurement from
TRMM 2A25 product in Figure 8 shows that the highest rain rate within
the 100 km in maturity stage is up to 7.68 mm/hr. It decreases sharply to
near 2 mm/hr from the eye wall to the spiral-cloud band. In the develop-
ment and decay stage, the precipitation in the eye wall is a little higher
than the other region. When the TC becomes weaker or further away from
the center (>400 km), the rain rates in decay stage is a little higher than the

0 100 200 300 400 500
Distance to the TC center (km)
Figure 8. The integral of rain rate from the top to bottom retrieved from

Tropical Rainfall Measuring Mission 2A25 product in development stage,
maturity stage, and decay stage. TC = tropical cyclone.

other two stages.
3.3. Case Study

Herein, we make two case analysis for the Typhoon Damrey which origi-
nated from a tropical disturbance, southwest of Minamitorishima late on
26 July 2012. On 30 July, Damrey began to track northwestward and was
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Figure 9. The imagery for PCTgs 5 (K) (a-b) derived from Tropical Rainfall Measuring Mission and COT (c-d) and CER
(micron) (e-f) derived from Moderate Resolution Imaging Spectroradiometer for case 1. Their change trend within the
500 km from the TC eye is calculated and compared with the mean state in the development stage (gray line) in (b), (d), and
(f), respectively. COT = cloud optical thickness; CER = cloud particle effective radius; TC = tropical cyclone.

intensified into a STS. Then, On 1 August, it tracked over the warmest region and began to weaken. In order to
verify the statistical mean state above and the aerosol effect on cloud and precipitation, this case is selected.
The data measured by the TRMM and MODIS were collected at 0310 and 0425 UTC on 31 July for case 1,
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Figure 10. The AOT and AER (micron) distribution around the Damrey at 0425 UTC on 31 July (a-b) for case 1 and 0240 UTC
on 2 August (c-d) for case 2 from the Moderate Resolution Imaging Spectroradiometer aerosol product (MODO04). The black
dot is the location of the tropical cyclone eye at that moment. AOT = aerosol optical thickness; AER = aerosol effective
radius.

which is in the development stage of Damrey, and 0115 and 0240 UTC on 2 August for case 2 in decay stage.
The location of TC center is at 28.46°N and 139.89°E from the TRMM data and 28.52°N and139.45°E from the
MODIS in case 1, and 33.01°N, 123.86°E and 33.24°N, 123.37°E for TRMM and MODIS in case 2, respectively.

The optical imagery serves as an important tool for the identification of the TC location and its physical char-
acteristics. On 31 July 2012, the PCTgs s shows extremely low value around the TC eye (Figure 9a). When the
parameters of Damrey is compared to the mean state calculated in section 3.2, the PCTgs s fluctuated remark-
ably and 10-20 K higher (Figure 9b). In the eye wall region for Damrey, the PCTgs 5 shows a modest decline
and soon increases from 100 to 200 km. The maps of the retrieved COT and CER are given in Figures 9c
and 9e. From Figure 9, we can clearly see that the vast majority of the cloud is located in the northern side
of the TCCS. The COT around the TC periphery at this moment is under 12 and most of the cloud droplets size
in this region is smaller than 30 um. There are two maximum centers both for COT and CER. One area is
around the TC center (Area 1) and another is in the north of the TC center (Area 2) (Figures 9c and 9e). The
calculated change trend from the TC eye to the spiral-cloud rain band can also show the cloud variation char-
acteristic for Damrey (Figures 9d and 9f). The results show two peaks, the first one is near the 100 km where
the most active convective system occurs. Within this range, the COT and CER can reach up to 54.58 and
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36.26 um, respectively. The second one is between the ranges of 250-300 km, which is consistent to the
spiral-cloud band northern of the center eye. Although the COT is much lower than the first peak, they
have almost the same CER in this region. By comparison with the case of TC Damrey, we found that the
single case fluctuated around the mean state and the deviation was acceptable.

Figure 10 presents the average AOT and AER map derived from MODIS MOD 04 product along the track of TC.
The product which cover the domain of the TCCS shows that, when the TC is far away from the continent
(Figures 10a and 10b), AOT is 0-0.2 around the TCCS and AER is larger than 0.5 pm. Once the TC begins to
move closely to the continent (Figures 10c and 10d), the AOT increased larger than 0.3 significantly.
However, compared to case 1, the AER in case 2 has a dramatic decline, which varies in the range of
0.15-0.25 um. Previous section has shown that the AOT is much higher, while AER is much smaller in the
decay stage than those in the development and maturity stage. The distribution of the AOT and AER in this
case is consistent with the statistical results.

Cloud microphysical properties can intrinsically link to the characteristics of aerosols. Increasing aerosol num-
ber concentration is hypothesized to prevent the cloud droplet coalescence. In the premise of that we have
presented the spatial distribution of AOT and AER, the correlation between them is calculated when they
have the same distance to the TC eye. A much stronger positive correlation coefficient of 0.524 for AER
and CERin case 1 and 0.244 for case 2 is shown (Figure 11). From Figures 6¢ and 7b, we can see that the decay
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Figure 12. The scheme depiction of tropical cyclone cloud system at the development, maturity, and decay stages,
respectively.
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stage has the smallest CER and AER, while the development stage has the largest CER and AER. The cloud
liquid water content in Figures 5d and 5f suggests that the decay stage has more water vapor content than
that of development stage. Cloud droplet formation depends on the condensation of water vapor on
ambient aerosols (Raatikainen et al., 2013). That is to say, a larger supersaturation activates more aerosols,
resulting in numerous smaller cloud droplets. The more water vapor exists near the aerosol, the more cloud
droplets will form and the smaller the droplets size will be. Therefore, a strong correlation is found between
CER and AER.

4. Conclusion and Summary

In this study, we have analyzed the 5-year of the TRMM and MODIS retrievals to characterize the spatial
structure and optical properties of TCCS in East Asia, in the years of 2010-2014. The spatial variability of
the TCCS at the three stages (development, maturity, and decay stages) is presented which include the radar
reflectivity, PCTgs.5, CWP, COT, and CER.

The results indicate that the cloud properties have noticeable characteristics in the maturity stage for the
most of the parameters. We found that the TC cloud spectrum had a close connection with the cloud struc-
ture. The extremely high value of radar reflectivity usually occurs with strong updraft and convective activity,
particularly in the maturity stage. The PCTgs s and hydrometeor profiles can reflect the amount of ice particles
contained in the top of the TCCS. With the strengthening TCs, there are more ice particles accumulated on
the top of cloud, especially in the TC cloud eye wall, which bring down PCTgs s there. Simultaneously, in
the maturity stage, the statistical results also indicate the biggest COT and CWP. The peaks of PCTgs 5, COT,
CWP, and radar reflectivity occur in the cloud eye wall. However, CER shows a small fluctuation along the
whole distance from the eye wall and the maximum value in the decay stage, which might be associated with
the precipitation and aerosol concentration. Therefore, to investigate the hypothesis, we calculated the AOT,
AER, and the precipitation. The aerosol characteristics in the decay stage have significant difference from
those in the development and maturity stages. In this stage, the AOT is larger whereas the AER becomes
smaller and the precipitation becomes weaker. So the microphysical process and the aerosol indirect effect
on the clouds and rain rate can be illustrated clearly.

Based on these observed results, several ideal fitting equations were constructed to characterize the variabil-
ity of TCCS along the radial distance from the TC center. This will help promote the initial field data assimila-
tion in numerical weather prediction.

In this paper, our emphasis has been placed on the quantification of TCCS from the remote sensing data set.
This study would help quantify the optical characteristics near the top of TC that are crucial to the prediction
of TC intensity and precipitation. The distribution of cloud optical properties is essential for the characterizing
of global atmospheric hydrology. From the vertical profiles of TCCS retrieved, we construct an ideal concep-
tual model to provide a quantitative view of TCCS in each stage. Assuming that TCCS is a symmetric system, a
simplified depiction for TCCS cross section in different stages is given (see Figure 12). As we know, TC is a
warm-core low pressure systems associated with a spiral inflow of mass at the bottom level. The spiral out-
flow at the top level is vertical motion, and the TC clouds are usually dominated by the open eye of the storm,
central convective eye region, and spiraling cirrostratus outward horizontally. The symmetric structure of
TCCS is usually destroyed by the disappearance of the eye and the spiral cloud in the decay stage. From
the microphysical view, the particle size, phase, and distributions exhibit a wide variety in radial and vertical
direction. According to the statistical analysis above, there are more ice particles in the maturity stage, and
the liquid water becomes more in the decay stage. We note that the ideal model we constructed here sim-
plifies the TCCS and defines the structure and optical characteristics in a symmetric cloud system (see
Figure 12). However, it can depict the moisture transition inside the TCCS during the time period of genesis
and extinction of a TC. These physical quantities are studied through the preceding part of the text. The ideal
conceptual model can help us understand the distribution of optical properties on TCCS in statistics. If the
model can be optimized, it can be executed on a large-scale TC environment and different forms of output
can be produced.

Finally, two cases for the TC Damrey were studied. The result was compared with the statistical average, and
we found the example of Damrey influenced by less raw data and high fluctuation, but the tendency of the
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cloud parameters has been denoted well with expectation. Damrey’s eye wall usually has many prominent
characteristics, such as a thicker COT, larger CER, and a sharp decreasing PCTgs 5. Enhanced aerosol concen-
trations can suppress warm-rain processes by reducing particle sizes and thereby cause a narrow droplet
spectrum. A strong correlation was also found between CER and AER influenced by the water vapor. The aero-
sol indirect effect has been demonstrated that aerosol have a large influence on the cloud condensation
nuclei and modify the cloud properties.

The results presented in this study are useful for evaluating numerical simulations for TC prediction. In addi-
tion, the importance of quantifying the indirect effect on clouds to minimize the uncertainty in the aerosol-
cloud interaction has been emphasized. Future work will explore the effect of the atmospheric boundary
layer structure by TC using the satellites and meteorological profile data.
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