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PRIDE  Puerto Rico Dust Experiment 

SAMUM  Saharan Mineral Dust Experiment 

SAP  Spectral Aerosol Profile 

SCA  Scene Classification Algorithm 

SHADE  Saharan Dust Experiment 

SST  Sea Surface Temperature 

SWIR  Shortwave Infrared 

TIR  Thermal Infrared 

TOA  Top of the Atmosphere 

VFM  Vertical Feature Mask 

VIS  Visible 

 

 

 

 

 

 



XXII  

 

SUMMARY  

 

Atmospheric mineral aerosol (or dust) plays an important role in the Earthôs 

system. However, quantification of dust impacts has long been associated with large 

uncertainties because of the complex nature of mineral aerosol. A better understanding of 

the properties and spatiotemporal distribution of atmospheric dust on the regional and 

global scales is needed to improve predictions of the impact that dust radiative forcing 

and heating/cooling rates have on the weather and climate. The Cloud-Aerosol Lidar and 

Infrared Pathfinder Satellite Observation (CALIPSO) mission provides unique 

measurements of vertical profiles of aerosols and clouds and their properties during day  

and nighttime over all types of surfaces. This information has the potential to 

significantly improve our understanding of the properties and effects of aerosol and 

clouds.  

This dissertation presents the results of a comprehensive analysis of CALIPSO 

lidar (version 2 and version 3.01) data in conjunction with A-Train satellite and ground-

based observations aimed at characterizing mineral aerosol in East Asia and other major 

dust sources. The specific objectives were to characterize the spatial distribution and 

properties of atmospheric dust in the dust source regions using new CALIOP (version 

3.01) data in conjunction with satellite MODIS, OMI, and CloudSat data and ground-

based meteorological and lidar data;  investigate changes in the vertical distribution and 

properties of dust during mid- and long-range transport; perform a modeling of the 

optical properties of nonspherical dust particles, and assess the radiative forcing and 

heating/cooling rates of atmospheric dust by performing radiative transfer modeling 
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constrained by satellite data in major dust source regions.  

Our research revealed significant biases in CALIPSO version 2 data, especially in 

the presence of dense dust plumes and dust-cloud mixed scenes. Aerosol optical depth 

(AOD) retrieved from CALIOP backscatter profiles was unrealistically low in many 

instances. Analyses on the new version 3.01 data show significant improvements in a 

discrimination between dust and clouds and more accurate retrievals of the aerosol 

extinction profiles and AOD.   

Dust events observed by CALIPSO in the worldôs major dust source regions and 

downwind were analyzed on a case-by-case basis in the springs from 2007-2010. The 

main focus was on dust sources in East Asia and contrasting the regional features of 

Asian dust to those of dusts in Central Asia, India, Arabian Peninsula, Australia, USA, 

and Northern Africa. Some important similarities between regional dusts were found. The 

particulate (aerosol) linear depolarization ratio (ŭp) exhibit high values (up to 0.3-0.35) in 

all dust source regions and in many instances downwind. This finding shows the 

importance of dust nonsphericity not only for fresh emitted particles but also for aged 

ones, stressing the need to account for dust nonsphericity in the models and passive 

remote sensing.  The particulate color ratio (ɢp) tends to decrease with height in dust 

plumes in the source regions. This is most likely due to vertically varying proportion of 

fine and coarse dust particles.  

To aid in the retrievals and in the interpretation of CALIOP data, we have 

performed intensive optical simulations aimed at examining the extent to which the 

microphysical properties of dust particles affect the aerosol optical characteristics used in 

lidar remote sensing (e.g., lidar ratio, particulate depolarization, single scattering albedo). 
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Optical modeling was performed by merging the T-matrix method and the Improved 

Geometric Optics Method (IGOM) enabling us to account for fine and coarse particles. 

Constrained by recent microphysical data, modeling results show that representing dust 

particles by a mixture of spheroids can reproduce some CALIPSO and ground-based lidar 

observations. We found that ŭp at the 532 nm lidar wavelength has relatively low 

sensitivity to particle size distribution. In contrast, the lidar ratio Sa varies in a wide 

range. This finding questions the applicability of a fixed Sa value adopted in the 

CALIPSO algorithm.      

 Radiative transfer modeling with CALIPSO dust vertical profiles representative 

of different regions was performed to assess the radiative forcing and heating rates. We 

found a positive forcing of dust at the top of the atmosphere (TOA) over all dust sources 

at high Sun angle. However, a negative forcing was found for low Sun angle, with the 

exception of dust source regions with high (0.3-0.35) surface albedo (e.g., Northern 

Africa). In the transported areas, the vertical distribution of aerosol and clouds and their 

optical properties are the major controlling factors, with the predominantly positive 

radiative forcing of dust above clouds.  



 

1 

 

CHAPTER 1 

INTRODUCTION  

 

Diverse regions around the world are prodigious sources of mineral aerosol (or 

dust). Lifted into the atmosphere by winds, mineral aerosol plays an important role in the 

Earthôs climate system (Sokolik et al., 2001, Otto et al., 2007, IPCC, 2007).  Dust 

particles can scatter and absorb shortwave and longwave radiation that can cause either a 

positive or a negative radiative forcing, leading to a warming or cooling of the climate 

system (Sokolik et al., 2001, Takemura et al., 2002, Otto et al., 2007, IPCC, 2007). In 

addition, the radiative heating/cooling occurring in the dust layer affects the atmospheric 

temperature profile and thus air- and thermo-dynamics of clouds and precipitation (Alpert 

et al., 1998, Quijano et al., 2000). For instance, it has been suggested that the presence of 

dust may cause a stabilizing effect on the temperature lapse rate. Karyampudi and 

Carlson (1988) showed that radiative heating by Saharan dust contributes to maintaining 

a warmer and deeper Saharan Air Layer (SAL) over the ocean, to enhancing the strength 

of the midlevel easterly jet, and to reducing the convection within the equatorial zone. On 

the mesoscale, dust radiative heating rates can affect the evolution of a dust storm, 

leading to stronger surface frontogenesis (Chen et al., 1994). Consequently, knowledge of 

radiative heating rates by mineral aerosols may be decisive to better predictions of the 

dynamics associated with dust transport (Miller et al., 2006, Lau et al., 2006). However, 

there are large uncertainties in the assessments of radiative impacts of mineral dust at 

regional and global scales because direct observations of the effect of desert aerosols on 

heating rates are scarce. 
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Passive satellite sensors (such as MODIS (Moderate Resolution Imaging 

Spectroradiometer), MISR (Multi-angle Imaging SpectroRadiometer), and OMI (Ozone 

Monitoring Instrument)) have helped to constrain the direct radiative forcing of aerosols 

at the top of the atmosphere (Yu et al., 2005). However, these sensors are of limited use 

both for constraining the profile of radiative heating/cooling rates in the aerosol or cloud 

layers and for detecting dust over the arid and semi-arid regions where the surface 

reflectance is very high. The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 

Observation (CALIPSO) satellite, launched on 28 April 2006, provides a new capability 

for studying aerosol and clouds. A key component of CALIPSO is a two-wavelength, 

polarization sensitive backscatter lidar called CALIOP (Cloud-Aerosol Lidar with 

Orthogonal Polarization). The global extent of CALIOPôs vertically resolved aerosol and 

cloud measurements during day- and nighttime over heterogeneous bright surfaces has 

the potential to provide new insights into the roles of aerosols and clouds in the Earthôs 

climate system. Knowledge of the aerosol vertical profile is particularly important 

because aerosol residence time, and thus radiative impact, increase significantly when 

aerosol is lofted high above the boundary. The vertical distribution of dust aerosols 

determines the indirect effect of dust on cloud microsphysics and controls the radiative 

forcing and heating/cooling rates of dust.  

To date, a number of published papers have used CALIPSO data in dust-related 

studies For example, Huang et al. (2007) analyzed an Asian dust episode that was 

transported over the Tibetian Plateau in the summer of 2006. Several studies used 

CALIPSO data to characterize the long-range transport of dust (Z. Liu et al., 2008, 

Generoso et al., 2008, Huang et al., 2008, Uno et al., 2009, and Badarinath et al., 2010). 
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Z. Liu et al. (2008) and Generoso et al. (2008) analyzed the properties of Saharan dust, 

while Huang et al. (2008) and Uno et al. (2009) examined Asian dust episodes. 

Badarinath et al. (2010) investigated the long-range transport of dust over the Arabian 

Sea and India region. A height-resolved global distribution of dust aerosols from the first 

year of CALIPSO observations (June 2006-May 2007) was investigated by D. Liu et al. 

(2008). They reported that the mean top height of dust layers in spring is the highest over 

the Taklimakan and Gobi deserts and suggested that these two major dust sources are 

related to long-range transport in the spring season. For a dust episode observed by 

CALIPSO, Huang et al. (2009) calculated the dust radiative forcing and heating rate over 

the Taklamakan Desert by using the Fu-Liou radiative transfer model. They suggested 

that the maximum daily mean value of heating rate is up to 5.5 K/day at 5 km and the 

averaged daily mean values of net dust radiative forcing are 44.4 W/m
2
 at the top of the 

atmosphere (TOA) and - 41.9 W/m
2
 at the surface.  

Collectively, past studies demonstrated the capability of CALIPSO lidar data, 

although they considered only limited cases of short duration dust episodes in isolated 

regions. More importantly, they all use the version 2 data, the very first CALIPSO 

product that has been lacking a comprehensive evaluation and validation. Recently, our 

study and others demonstrated significant biases in CALIPSO version 2 data, especially 

in dust-laden conditions (Z. Liu et al., 2009, Chen et al., 2010). The major problems 

include erroneous classification of dust layers as clouds and misclassification of aerosol 

types (see Chapter 2). For instance, Chen et al. (2010) demonstrated that CALIPSO 

misclassified about 43% of dense dust layers as clouds over the Taklamakan Desert. In 

June 2010, a new revised version 3.01 of CALIPSO data was released which potentially 
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has higher quality products and in addition includes several new aerosol products (such 

as particulate depolarization and color ratios) that were not part of the previous version 2 

data. These new products are of special interest for dust studies, given that dust particle 

nonsphericity is readily detected by the particulate depolarization, and the color ratio is 

sensitive to coarse particles. Based on some test results, Z. Liu et al. (2010) showed 

significant improvements in the discrimination of dense aerosol layers in the new version 

3.01 data compared to version 2. However, prior to using the new CALIOP data, it is 

critical to comprehensively examine the performance of improved and new aerosol 

products in the presence of dust and clouds. The main focus of research presented in this 

dissertation was to conduct an in-depth, comprehensive analysis of all available (2006-

2010) CALIPSO products focusing on East Asia and the worldôs other major dust 

sources. The goal was to determine both strengths and weaknesses of CALIPSO data and 

then use them for characterizing region-specific properties, spatiotemporal distribution, 

and radiative impacts of mineral aerosol.   

To begin with the analysis of dust, we first examined in detail a procedure for 

retrieving aerosol properties from the CALIPSO level 1B data, contrasting retrievals of 

version 2 and version 3.01 data in dust-laden conditions. This work helps to confirm the 

reliability of the latest level 2 version 3.01 data, as well as to identify the major sources 

of errors. One of the critical issues in the CALIOP aerosol retrieval algorithm is an 

assumption about some aerosol optical characteristics (such as scattering phase function 

and lidar ratio Sa). Many studies (e.g., Kalashnikova et al., 2005, Dubovik et al., 2006, 

Mishchenko et al., 2003) modeled the dust optical characteristics for passive remote 

sensing, but only a few studies modeled the optical properties needed for lidar remote 
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sensing (Wiegner et al., 2009, Yang et al., 2007). Despite the recent progress in 

computational optical modeling, calculation of the dust optical properties still remains a 

challenging problem. The main problems arise from the complex nature of mineral 

aerosol that exhibits a wide variety of morphologies, composition and sizes (Weinzierl et 

al., 2009, Mishchenko et al., 2007, Sokolik et al., 2001). An added complication is the 

high variability of dust properties between different dust sources due to aging (i.e., 

physical and chemical changes of dust particles during the transport in the atmosphere). 

To aid in the retrievals and the interpretation of CALIOP data, we performed extensive 

optical simulations to examine the extent to which the variation of microphysical 

properties of dust particles affect the optical characteristics used in lidar remote sensing. 

Our research goes beyond the previous optical modeling studies by incorporating recent 

data on particle shapes, composition and size distributions. To cover a wide range of dust 

particle sizes, two optical methods (the T-matrix method and the improved geometric 

optics method (IGOM) were merged in a unified code. We also computed the optical 

characteristics of nonspherical dust particles required for radiative forcing and heating 

rates calculations and used them along with CALIPSO data to assess the regional 

radiative impact of mineral aerosol.  

Overall, the main goal of this study is to improve the understanding of the 

properties and spatiotemporal distribution of mineral aerosol and to assess associated 

radiative impacts in region-specific dust sources and downwind by leveraging the new 

CALIPSO data. To achieve this goal, the specific objectives are as follows: 1) 

characterize the spatial distribution and properties of atmospheric dust in the dust source 

regions using new CALIOP data in conjunction with A-Train satellite multi-sensor 
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observations (MODIS, OMI, and CloudSat) and ground-based meteorological and lidar 

data; 2) investigate changes in the vertical distribution and properties of mineral dust 

during mid- and long-range transport; 3) perform a modeling of the optical properties of 

nonspherical dust particles to aid in the retrievals and in the interpretation of CALIOP 

data; and 4) assess the radiative forcing and heating/cooling rates of atmospheric dust by 

performing radiative transfer modeling constrained by satellite data in major dust source 

regions.  

The organization of the thesis is shown in Figure 1.1. Chapter 2 examines a 

procedure for retrieving dust properties from the CALIPSO level 1B data and the 

performance of CALIPSO in dust-laden conditions in order to verify the reliability of 

using the latest level 2 version 3.01 data. To achieve the goal, we examined the 

spatiotemporal characteristics of CALIPSO and the procedure of CALIOP aerosol 

retrievals. Based on the understanding of the aerosol retrieval procedure, this study 

investigates the problems of previous version 2 products and compares the results of 

version 2 products with those of new version 3.01 products in dust-laden conditions, 

especially in dust-cloud mixed scenes. Finally, this study discusses the improvement of 

version 3.01 data and the added parameters of version 3.01 used in this study. 

Chapter 3 describes the development of a technique for performing computations 

of dust optical characteristics used in lidar remote sensing and radiative transfer 

modeling. This technique merges two different approaches, the T-matrix and IGOM 

(Improved Geometric Optics Method), to provide an improved capability to represent the 

broad range of sizes and composition of nonspherical dust particles in optical modeling. 

Using the new technique, we performed an in-depth modeling analysis of the particulate 
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depolarization ratio (ŭp) and lidar ratio (Sa) at 532 nm used in CALIOP retrievals 

considering representative dust microphysical data. We also modeled the optical 

characteristics needed for radiative transfer calculations such as extinction coefficient, 

single scattering albedo (ɤ0), and asymmetry parameter (g). This study focuses on how 

dust microphysical properties (size, composition, and morphology) and their variations 

during the dust lifecycle in the atmosphere affect the lidar aerosol observations and 

retrievals. 

Chapter 4 presents the comprehensive characterization of Asian dust events 

during the spring season of 2007-2010 within the dust sources and downwind areas 

through analysis of CALIPSO data that was performed in conjunction with independent 

satellite and ground-based observations. The research included the examination of 

vertical distributions of dust aerosol and their changes during the transport. The 

CALIPSO aerosol products (AOD, particulate depolarization ratio and color ratio) were 

examined and interpreted in the context of dust physical properties. This chapter also 

presents the results of the radiative forcing and heating/cooling rates of Asian dust that 

were computed using a modified version of the SBDART (Santa Barbara DISORT 

Atmospheric Radiative Transfer) code and constrained by CALIPSO and other satellite 

data.  

Chapter 5 presents analyses of dust events in the worldôs major dust source 

regions based on the new version 3.01 CALIPSO data. The focus was to identify the 

similarities and region-specific differences in the vertical distribution and properties of 

dust in the considered regions (Taklamakan Desert, Gobi Desert, Thar Desert, Central 

Asia, Mojave Desert, Australia Desert, Arabian Peninsula, and Northern Africa). The 
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impact of regional dust on the radiative forcing and heating/cooling was also examined. 

For this analysis, we examined individual CALIPSO tracks in each region of interest 

during the dust (spring) seasons, selected several representative cases, and then 

performed detailed analyses of CALIPSO data on a case-by-case basis. We also 

estimated dust characteristics averaged over each source region in order to facilitate 

intercomparison between source regions. Finally, we calculated the radiative forcing and 

heating/cooling rates of dust in each source region. 

Chapter 6 provides a summary of the study and makes suggestions for further 

research in the field.  



9 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic diagram of the thesis organization and performed research.  
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CHAPTER 2 

EXAMINATION OF A PRO CEDURE FOR RETRIEVIN G AEROSOL 

PROPERTIES FROM THE CALIPSO LIDAR AND IT S 

PERFORMANCE IN DUST-LADEN CONDITIONS  

 

2.1 Introduction 

The CALIPSO satellite has been providing a new capability for studying aerosols 

since launched on April 28, 2006. The capabilities of detecting aerosol layers and 

examining aerosol optical properties enable one to better quantify the radiative impact of 

aerosols on the atmosphere. In particular, radiative heating/cooling rates caused by dust 

can play a key role in atmospheric dynamics and thermodynamics and thus must be taken 

into account to adequately predict the overall impact of dust on weather and climate. The 

first version of CALIPSO data (called version 2) was released in January 2008 and used 

by the researchers in dust studies. Recently, a new version 3.01 of CALIPSO data was 

released in June 2010 which has significant changes to the aerosol retrieval algorithms, as 

well as includes several new aerosol products such as particulate depolarization and color 

ratio that are of great interest to dust studies. Before any study can begin using CALIPSO 

data, it is very important to establish confidence in the CALIPSO aerosol products and 

identify biases in dust-laden conditions. 

The goal of this chapter is to examine a procedure for retrieving aerosol properties 

from the CALIPSO level 1B data and the performance of CALIPSO in dust-laden 

conditions analyzing both the version 2 and version 3.01 data sets.  To achieve this goal, 
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we first examined the major CALIPSO retrieval algorithms and recent revisions. Based 

on an understanding the CALIPSO aerosol retrieval procedure, we then investigate  the 

problems of previous version 2 products and compares the results of version 2 products 

with those of new version 3.01 in dust-laden conditions, especially dense dust plumes and 

dust-cloud mixed scenes. Finally, we discuss the improvement of version 3.01 data and 

the added parameters of version 3.01 used in this study. 

Section 2.2 briefly describes the main components of CALIPSO and lidar 

spatiotemporal resolutions. Section 2.3 shows the procedure of aerosol extinction 

retrieval from lidar backscatter measurements. Section 2.4 presents the problems of 

version 2.01 and the results of a comparison between the previous and new data versions. 

Finally, Section 2.5 summarizes and discusses the study. 

  

2.2 Overview of CALIPSO and CALIOP  

CALIPSO is a joint NASA-CNES satellite mission designed to provide 

measurements aimed at improving our understanding of the role of aerosols and clouds in 

the climate system. CALIPSO has three instruments: the Cloud-Aerosol Lidar with 

Orthogonal Polarization (CALIOP), the Wide Field Camera (WFC), and an Imaging 

Infrared Radiometer (IIR), three channels in the infrared window region. The CALIOP, 

the primary instrument on the CALIPSO satellite (Winker et al., 2006, 2007), is designed 

to acquire vertical profiles of an elastic backscatter at two wavelengths (1,064 nm and 

532 nm) from a near nadir-viewing geometry.  

The CALIPSO flies as a part of the Afternoon constellation of satellites (called A-

train) which consist of Aqua, CloudSat, CALIPSO, Parasol, and Aura. These satellites 
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have an afternoon crossing time close to the mean local time of the ñleadò satellite, Aqua 

(1:30 p.m.); thus, the name, ñA (short for ñafternoonò) Trainò. CALIPSO is behind Aqua 

by one to two minutes and separated from CloudSat by ten to fifteen seconds. Small 

differences in time enable one to utilize and compare the data from three satellites all 

together. The CALIPSO satellite was launched to a low earth sun-synchronous orbit at a 

705-km altitude. CALIOP, an active remote sensor, enables one to observe aerosols 

during the nighttime and to compare the characteristics of the vertical distributions and 

optical properties of aerosols during the daytime with those during the nighttime. To 

illustrate, Figure 2.1 shows the orbit of CALIPSO over the Taklamakan Desert during the 

daytime and the nighttime for fourteen days in the spring 2007. As shown in Figure 2.1, 

one of the problems in CALIPSO is its narrow footprint. If CALIPSO does not pass 

through the dust feature, it cannot detect any aerosols even if a dust storm has occurred 

over the Taklamakan Desert.     

 

 

Figure 2.1 Orbits of CALIPSO over the Taklamakan Desert for fourteen days during the 

spring of 2007. 

Taklamakan 

Desert 

CALIPSO orbit 

Nighttime 

CALIPSO orbit 

daytime 
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 The diameter of the CALIPSO footprint is 70 m, and its footprint spacing is 333 m. 

Therefore, Level 1 data have a horizontal resolution of 333 m and a vertical resolution of 

30 m between an altitude of -0.5 km and 8 km. Level 2 aerosol data retrieved from level 1 

data have a lower horizontal resolution, depending on the horizontal averaging.  The 

vertical resolution of the level 2 data is 60 m between -0.5 km and 20 km and 180 m 

between 20 km and 30 km for 5-km aerosol profile data, however, level 2 layer data 

provide the values of detected features up to eight features. The resolutions of CALIOP 

data are listed in Table 2.1. 

Currently, CALIPSO science data products are available at Levels 1 and 2. The 

data products described in detail in the CALIPSO Data Products Catalog ATBD (PC SCI 

503) are archived and distributed by the Atmospheric Science Data Center (ASDC) 

http://eosweb.larc.nasa.gov/PRODOCS/calipso/table_calipso.html. The latest version 

3.01 of Level 2 aerosol data was released in June 2010. This study uses Level 2 CALIOP 

aerosol layer products. 
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Table 2.1 Resolution of CALIOP level 1 and 2 data. 

Level 1 

Altitude Region Vertical Resolution Horizontal 

Resolution 

Profiles 

Per 5-km Base (km) Top (km) 532 nm 1064 nm 

30.1 40.0 300 m - 5000 m 1 

20.2 30.1 180 m 180 m 1667 m 3 

8.2 20.2 60 m 60 m 1000 m 5 

-0.5 8.2 30 m 60 m 333 m 15 

-2.0 -0.5 300 m 300 m 333 m 15 

     

Level 2 

5-km Aerosol Profile Data 

Altitude Region Vertical 

Resolution 

Horizontal 

Resolution 

Profiles 

Per 5-km Base (km) Top (km) 

20 30 180 m 5000 m 15 

-0.5 20 60 m 5000 m 15 

5-km Aerosol Layer Data 

Altitude Region 
Vertical 

Resolution 

Horizontal 

Resolution 

Profiles 

Per 5-km 

Detected feature 

altitude (top / base) 

No resolution 

(max 8 layers) 
5000 m 15 
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2.3 Algorithm Outline 

2.3.1 CALIOP Level 2 Algorithm 

The retrieval of aerosols from CALIPSO level 1 data is a multi-step process, 

involving three different algorithms: the Selective Iterated Boundary Locator (SIBYL), 

Scene Classification Algorithms (SCA), and Hybrid Extinction Retrieval Algorithms 

(HERA).  

 

 

 

Figure 2.2 Flow chart of the level 2 algorithms of CALIPSO. 

 

2.3.1.1 Selective I terated Boundary Locator (SIBYL) Algorithm  

The first stage of data processing employs the SIBYL algorithm to detect all of 

the features within a given orbit. In this algorithm, the consecutive profiles of the 
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attenuated backscatter in level 1 data are averaged over horizontal resolutions of 5, 20, 

and 80 km and vertical resolutions of 0.5 km for all altitude bins. In the averaging engine, 

5-km, 20-km, and 80-km indicate a primarily averaging, an intermediate, and a maximum 

horizontal averaging distance, respectively. The averaging of consecutive profiles in an 

averaging engine helps one to improve signal-to-noise ratios (SNRs). Upon the 

completion of the construction, the profile scanner, a threshold algorithm, is used to scan 

each profile for the presence of aerosol layers, clouds, and surface returns, and the 

algorithm provides information about both the top and the base of the layers. The 

information about the top and base altitudes, the latitude, and the longitude are reported 

in the level 2 layer products (see further detail in CALIPSO ATBD Part 2: Feature 

Detection and Layer Properties Algorithms).  

 

2.3.1.2 Scene Classification Algorithms (SCA) 

On the basis of the information provided by SYBIL, the SCA determines whether 

the detected region is a feature or not, as shown in Figure 2.3. If the region is an 

atmospheric feature, the SCA examines the elevation of the feature. For the elevated 

feature, the lidar ratio is calculated by the transmittance-constraint method (Fernald et al., 

1972, Young, 1995). After this computation, both the elevated and non-elevated features 

will be determined as types of clouds or aerosols using five parameters: the mean 

attenuated backscatter at 532 nm, the 1064/532 layer-integrated attenuated backscatter 

ratio, the midlayer altitude, the volume depolarization ratio, and the latitude. This 

algorithm, called Cloud Aerosol Discrimination (CAD), uses a multi-dimensional 

probability density function (PDF). The range of CAD score, f, from PDFs is from -100 
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to 100, and if the value of f is below 0, a feature is classified as aerosol. The absolute 

value of f shows the confidence of classification, that the low values of CAD are denoted 

as features with low confidence in the vertical feature mask. After the CAD algorithm,  

with three parameters (i.e., observed backscatter strength, the depolarization ratio, and the 

International Geosphere-Biosphere Programme (IGBP) surface types), the aerosol will be 

further classified as sub-type features (i.e., clear air, cloud, aerosol, stratospheric layer, 

surface, subsurface, totally attenuated, and no/low confidence), which called as Aerosol 

subtyping. The goal of aerosol subtyping algorithm, one of the SCA, is to estimate and 

assign the value of the aerosol extinction-to-backscatter ratio (called lidar ratio Sa) within 

30% of the uncertainty. 

 

 

 

Figure 2.3 Flow chart of the SCA algorithms of CALIPSO. 
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Figure 2.4 Flow chart of the aerosol subtyping algorithm. 

 

The classified results are recorded in the vertical feature mask, and the SCA 

assigns the aerosol lidar ratio and the multiple scattering profiles for extinction 

processing in the HERA. If the feature is non-elevated, a lidar ratio is chosen based on 

the classified feature type in the SCA, but if the feature is lifted and a lidar ratio can be 

calculated using the transmittance method, the calculated lidar ratio is adopted. 
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2.3.1.3 Hybrid Extinction Retrieval Algorithms (HERA)  

The initial lidar ratio from the SCA is applied to extinction retrieval processing in 

the HERA. With the retrieved extinction profiles, the total optical depth of each feature is 

computed and averaged, and the average is compared with the measured values, which 

are pre-measured from the reduction in the clear air signal from the SIBYL. The lidar 

ratio is adjusted when the values differ by more than the threshold value (Young & 

Vaughan, 2009), and then the detected layer is solved so that if falls within the error 

range of 30%. For the extinction retrieval processing, CALIPSO uses a forward iterative 

solution, which is a combination of two solutions, such as a two-component analytical 

solution developed by Fernald et al. (1972), Fernald (1984), and Klett (1985) and 

iterative solutions developed by Elterman (1964). As shown in Table 2.2, many studies 

used the forward iterative solutions (the near field) for retrieving the aerosol products 

rather than the backward iterative solutions (the far field). While the backward iterative 

solutions are stable (Klett, 1981,Young and Vaughan, 2009), these  solutions are often 

problematic for CALIOP since usually it is not easy to select accurate far-field boundary 

conditions confidently, especially in the case of reduced SNR which happens during 

daytime (Young and Vaughan, 2009). Thus Young and Vaughan (2009) suggested the 

forward iterative solutions (Elterman, 1966) and solutions of Platt (1973, 1979) for the 

multiple scattering parameters. CALIPSO retrieving algorithms have also been applying 

these solutions for the extinction retrieval algorithm. 
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 Table 2.2 Past studies of dust aerosol that used CALIPSO data  

Studies Region / Time Data products 

(Related to CALIOP) 

Algorithms 

Asian Dust 

Eguchi et al. 

(2009) 

Asian dust/ 

5-15 May 2007 

- Total extinction coefficients 

- Particle depolarization ratio 

Fernaldôs inversion 

(1984) 

-Forward solutions 

Hara et al. 

(2008) 

Taklimakan 

dust/ 

July-September 

2006/ 2007 

- Dust extinction coefficient (Derived 

using Fernaldôs inversion) 

- Vertical profiles of dust extinction 

coefficient 

Fernaldôs inversion 

(1984) 

-Forward solutions 

Hara et al. 

(2009) 

Asian dust/ 

21-31 May 

2007 

- Dust extinction coefficient (Derived 

using Fernaldôs inversion) 

- Averaged vertical profiles of the 

dust extinction coefficient (Derived 

using Fernaldôs inversion) 

- Color ratio at 532 nm and 1064 nm 

- Particulate depolarization ratio 

Fernaldôs inversion 

(1984) 

-Forward solutions 

Huang et al. 

(2007) 

Tibetan dust/ 

June-September 

2006 

- Total attenuated backscattering 

intensity at 532 nm 

- Vertical profiles of total 532 nm 

attenuated backscattering intensity 

and depolarization ratio 

- Frequency distribution of the 

depolarization ratio and the color 

ratio 

 

Huang et al. 

(2008) 

Taklimakan 

dust/ 

26-31 July 2006 

- 532 nm total attenuated backscatter 

coefficients 

- Volume depolarization ratio 

- Dust aerosol optical depth 

- Dust aerosol extinction coefficient  

- Averaged vertical profiles of the 

dust extinction coefficient (derived 

using Fernaldôs inversion) 

- Hu et al. (2006)ôs 

method in the 

retrieve of the 

AOD 

Kim et al. 

(2008) 

Asian dust/ 

14,30 Sep, 24 

Oct, 25 Nov 

2006, 12 Jan, 21 

Feb 2007 

- Apparent scattering ratio at 532 nm 

- Vertical profiles of aerosol 

extinction coefficient at 532 nm 

- Backscatter-to-extinction ratio (lidar 

ratio) 

- Klett method 

(1981, 1985) for 

the aerosol 

extinction 

coefficients 

- Berthier et al. 

(2006)ôs method 

for the lidar ratio 
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Table 2.2 (continued)  

Studies Region / Time Data products 

(Related to CALIOP) 

Algorithms 

Asian Dust (continued) 

Sugimoto et 

al. (2009) 

Asian dust/ 

23 July 2006 

- Extinction coefficient at 532 nm Fernaldôs inversion 

(1984) 

-Forward solutions 

-Two-wavelength 

Uno et al. 

(2008) 

Asian dust/ 

5-8 May 2007 

- Dust extinction coefficient (Derived 

using Fernaldôs inversion) 

- Averaged vertical profiles of the 

dust extinction coefficient (Derived 

using Fernaldôs inversion) 

Fernaldôs inversion 

(1984) 

-Forward solutions 

Z. Liu et al. 

(2008) 

Tibetan dust/ 

Spring in 2007 

- Attenuated backscatter coefficients 

at 532 nm 

- Volume depolarization ratio 

- Backscatter color ratio 

 

 

 

African Dust 

Generoso et 

al. (2008) 

Saharan dust/ 

30 June-6 July 

2006, 

13-17 February 

2007 

- Attenuated backscatter profiles at 

532 nm 

- Time series of attenuated 

backscatter profiles at 532 nm 

(From August 2006 to February 

2007) 

Wang et al. 

(2007)ôs method in 

the retrieve of the 

CALIOP data 

Z. Liu et al. 

(2008) 

Sahara dust/ 

18, 19, 20 

August 2006 

- Optical depth at 532nm, 

- 1064 nm & 532 nm lidar ratio, 

- Optical depth ratio, 

- Color ratio, 

- Particulate depolarization ratio, 

- Retrieved backscatter coefficients 

at 532/1064 nm 

- 1064/532 Backscatter ratio 

Fernaldôs inversion 

(1984) 

- Two-wavelength 

- Opaque water 

cloud 

Z. Liu et al. 

(2010) 

North Africa 

(12°-30°N; 

30°W-35°E)/ 

June 2006-

December 

2008) 

- Effective Lidar Ratio (ELR) 

- Multiple scattering factor 

Two-way 

transmittance 
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2.3.2 Retrieval of Profiles of Particulate Backscatter and Extinction 

This section introduces the retrieval of profiles of both the particulate backscatter 

and the extinction for the level 2 data of CALIPSO. Retrieval is a process carried out by 

the HERA. The two-component lidar equation can be expressed as (Young and Vaughan, 

2009): 

[ ] ),0(),0(),0()()(
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)( 222

02 3
rTrTrTrrCGE

r
rP pOMPMA bb += ,   (2.1) 

where 

P(r) is the detected backscattered signal from range r from the lidar,  

E0 is the laser energy for a single or averaged profile, 

GA is the amplifier gain, 

C is the lidar calibration coefficient, 

ɺM is the molecular volume backscatter coefficient, 
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2 ')'(2exp),0( s  is the molecular two-way transmittance between the 

lidar and range z, 

ʋM(r) = SMɺM(r) is the molecular volume extinction coefficient, 

Sm is the molecular extinction-to-backscatter (or lidar) ratio, 
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a  is the ozone two-way transmittance, 

)'(
3

rOa  is the ozone volume absorption coefficient, 

ɺp is the particulate (aerosol) volume backscatter coefficient, 

[ ]),0()(2exp),0(2 rrrT PP th-=  is the particulate two-way transmittance, 
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ɖ(r) is a parameterization describing multiple scattering by particles, 
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bst  is the particulate optical depth between 

the lidar and range r, 

ʋp(r) = Spɺp (r) is the particulate volume extinction coefficient, and 

Sp is the particulate extinction-to-backscatter (or lidar) ratio. 

 

With the deletion of the background and offset from the lidar signal, we can 

rearrange Eq. (1) to provide the attenuated backscatter. Since the attenuated backscatter 

value depends on atmospheric quantities and ranges, we obtain profiles of the attenuated 

backscatter signal corrected for ozone transmittance as follows: 
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2.4 Comparison of CALIOP Data from Versions 2 and 3.01 

2.4.1 Problems in CALIOP Version 2 Data 

Our analyses of version 2 products in dust-laden conditions revealed significant 

errors, especially in the case of very dense dust layers and dust-cloud mixed scenes. Very 

opaque dust layers over and close to the dust source areas were often misclassified as 

clouds due to the similarity of scattering properties between the dense dust layers and the 

optically thin clouds in the 3D PDFs algorithm. This misclassification causes the AOD to 

be underestimated. Another problem leading to the underestimation of the AOD is that 

the base altitude of aerosol layers is misidentified in cases of optically thick and highly 

absorbing aerosol layers. A good example illustrating this problem is the case of 
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CALIPSO daytime track on March 30, 2007, over the Gobi Desert. Figure 2.5 shows both 

features of the total attenuated backscatter and vertical feature mask from version 2 (left) 

and version 3.01 (right). In the algorithm of version 2, very dense dust plumes between 

38N and 46N and below ~4 km were classified as clouds, but the algorithm in version 3 

classified them correctly as dust plumes. The reason for misclassification of dust layers in 

version 2 is that the intensity of the lidar signal completely weaken over these layers (the 

surface signal was not detected at all), and therefore, the optical depth should be larger 

than ~3 (Liu et al., 2009). These optical properties are similar to the expected values for 

clouds in the CAD algorithm (Liu et al., 2009). However, the reported optical depth of 

opaque layers in version 3.01 indicates only the upper portion of the layer where the lidar 

signal can be measured. About one-fifth of the cloud layers and a few very dense aerosol 

layers are identified to be opaque. In these cases, CALIOP cannot determine the true 

layer base, and aerosol layer products cannot identify those opaque layers. When the 

solution is physically possible, aerosols can be retrieved about 99% successfully 

(CALIPSO ATBD, 2010). This improvement in the CAD algorithms of version 3 enables 

one to use new level 2 data with higher confidence. In addition to the confidence of the 

vertical feature mask, the AOD in Figure 2.6 shows a difference between versions 2 and 

3.01, which illustrates the improvement of AOD in version 3.01. 
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                        Version 2                                                     Version 3.01 

(a)                                                                        (b) 

 

 

 

 

 

 

 

 

 

 

(c)                                                                         (d) 

 

 

 

 

 

 

 

 

 

 
0=invalid, 1=clear air, 2=cloud, 3=aerosol,         1=clear air, 2=cloud, 3=aerosol, 4=stratospheric layer, 

4=stratospheric layer, 5=surface, 6=subsurface,                  5=surface, 6=subsurface, 7=totally attenuated, 

7=no signal                           L=low/no confidense  

 

Figure 2.5 Total attenuated backscatter coefficients of (a) version 2 and (b) version 3.01 

and the vertical feature mask of (c) version 2 and (d) version 3.01 over the Gobi Desert 

on March 30, 2007. 

 

 
    

Figure 2.6 Aerosol optical depth of version 2 (black) and version 3.01 (red) over the Gobi 

Desert on March 30, 2007. 
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2.4.2 Improvements in Level 2 Version 3.01 Data 

A data quality statement on the release of the CALIPSO Lidar Level 2 Cloud and 

Aerosol Profile Products Version 3.01 in June 2010 shows an improvement over the 

previous versions of 2. The algorithm for the dust retrieval was improved in four major 

ways: (1) aerosol and cloud level 2 profile data have the same horizontal resolution of 5 

km, as shown in Figure 2.2; (2) the use of five diagnostic parameters instead of three 

diagnostic parameters in the CAD algorithm enables one to better distinguish clouds and 

aerosols, showing good results in the vertical feature mask; (3) adding the aerosol layer 

base extension algorithm into the SIBYL algorithm enables more accurate estimates of 

AOD; and (4) the lidar ratios in the two aerosol models (i.e., desert dust and polluted 

dust) in version 3.01 differ from those in version 2. The dust lidar ratio in version 3.01 is 

55 sr at 1064 nm, which is larger than 30 sr at 1064 nm in version 2. The lidar ratios of 

polluted dust are 55 sr at 532 nm and 48 sr at 1064 nm in version 3.01, which are 65 sr at 

532 nm and 30 sr at 1064 nm in version 2. The extinction-to-backscatter ratio (Sa) is a 

key parameter for retrieving the aerosol extinction and thus the optical depth from 

CALIPSO level 1 data. The value of Sa depends on several microphysical properties such 

as size distribution, shape, and composition. Chapter 3 of this study will show the 

relationship between Sa and these microphysical properties. In addition, new particulate 

parameters (i.e., the particulate depolarization ratio and the particulate color ratio) are 

added in version 3.01. Table 2.3 summarizes the differences and improvements between 

versions 2 and 3.01, and Table 2.4 shows the CALIOP version 3.01 data of interest to the 

study. 
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Table 2.3 Comparison of CALIPSO data version 2 vs. version 3.01. 

Parameters Version 2 Version 3.01 

Vertical Feature 

Mask 

Based on 3-D PDFs 
- Mean attenuated backscatter at 532 nm 

- 1064/532 layer-integrated attenuated 

backscatter ratio (or total color ratio) 

- Midlayer altitude 

 

 

Based on 5-D PDFs 
- Mean attenuated backscatter at 532 nm 

- 1064/532 layer-integrated attenuated 

backscatter ratio (or total color ratio) 

- Midlayer altitude 

- Volume depolarization ratio 

- Latitude 
Classification of 8 types: 

Invalid, clear air, cloud, aerosol, 

stratospheric layer, surface, subsurface, 

no signal (totally attenuated) 

 

Classification of 9 types: 
Clear air, cloud, cloud(L), aerosol, 

aerosol (L), stratospheric layer, surface, 

subsurface, totally attenuated, L=low/no 

confidence 

Aerosol Type 

Based on the following parameters: 
- Observed backscatter strength 

- Depolarization ratio 

- IGBP surface types 

Based on the following parameters: 
- Observed backscatter strength 

- Depolarization ratio 

- IGBP surface types 
Classification of 9 types / 

(assigned  Sa at 532/1064 nm) 
- Not applicable 

- Clean marine (20/45 sr) 

- Dust (40/30 sr) 

- Polluted continental (70/30 sr) 

- Clean continental (35/30 sr) 

- Polluted dust (65/30 sr) 

- Smoke (70/40 sr) 

Classification of 9 types / 

(assigned Sa at 532/1064 nm) 
- Not applicable 

- Clean marine (20/45 sr) 

- Dust (40/55 sr) 

- Polluted continental (70/30 sr) 

- Clean continental (35/30 sr) 

- Polluted dust (55/48 sr) 

- Smoke (70/40 sr) 

Aerosol Optical 

Depth (AOD) 

Based on forward solution Based on forward solution 

 
includes the aerosol layer base extension 

algorithm 

Volume 

Depolarization 

Ratio (dv) 

Direct measurement Direct measurement 

Quality 
depends on the accuracy of the top and 

base identification 

Quality 
depends on the accuracy of the top and 

base identification 

Particulate 

Depolarization 

Ratio (dp) 

- 

Post-extinction quantity 

Quality 
- SNR of the backscatter measurements 

in parallel and perpendicular 

- Accuracy of two-way transmittance 

estimates 

Particulate 

Color Ratio (cp) 
- 

Post-extinction quantity 

Quality 
- Accuracy of layer top/base altitudes 

- SNR of the backscatter data 

- Success of the HERA profile solver 

Red font shows changed or new parameters in version 3.01. 
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Table 2.4 CALIOP version 3.01 data products of interest to this study. 

Processing 

Level  
Symbol Characteristics 

Level 1B  

 
b'

532,Total
 532 nm total attenuated backscatter coefficients 

b'
532,  

 532 nm perpendicular attenuated backscatter coefficients 

b'
1064

 1064 nm total attenuated backscatter coefficients 

Level 2  

5-km Aeros

ol Layer  

 

g'
532, column

 Column Integrated Attenuated Backscatter 532  

COD
532. column

  Column Optical Depth Cloud 532 

AOD
532. column

 Column Optical Depth Aerosol 532 (1064) 

g'
532

 Integrated Attenuated Backscatter 532 (1064) 

d
v, layer

 Integrated Volume Depolarization Ratio 

c'
v, layer

 Integrated Attenuated Total Color Ratio 

AOD
532

 Feature Optical Depth 532 (1064) 

d
p, layer

 Integrated Particulate Depolarization Ratio 

c'
p, layer

 Integrated Particulate Color Ratio 

Level 2  

5-km Aeros

ol Profile  

g'
532, profile

 Total (Perpendicular) Backscatter Coefficient 532 

g'
1064, profile

 Backscatter Coefficient 1064 

s
532, profile

 Extinction Coefficient 532 (1064) 

d
p, profile

 Particulate Depolarization Ratio Profile 

Red font indicates new parameters in version 3.01. 
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2.5 Summary 

This chapter examined a procedure for retrieving aerosol properties from the 

CALIPSO level 1B data and the performance of CALIPSO in dust-laden conditions to 

confirm the reliability of the latest level 2 version 3.01 data. The CALIPSO lidar retrieval 

is a multi-step process that includes the correction of lidar signals for instrumental 

effects; the detection and classification of atmospheric and surface features; the 

classification of the aerosol types; and, finally, the retrieval of the backscatter and 

extinction profiles of aerosol layers and their optical depth. The process is performed at 

multiple horizontal resolutions. As a result, the aerosol extinction retrieval is affected by 

all preceding steps. We examined relevant retrieval procedures, including SIBYL, SCA, 

CAD, Aerosol subtyping, and HERA, along with analyses of CALIPSO products in dust-

laden conditions to determine the sources of biases in previous version 2 data and the 

performance of new version 3.01 data. We found that version 2 data were most prone to 

error in the case of dense dust layers and dust-cloud mixed scenes. The new version 3.01 

data showed an improved capability to discriminate between clouds and aerosols by 

implementing the 5D PDFs instead of 3D PDFs algorithm used in version 2 data. In 

addition, AOD values of version 3.01 data show more accurate results than version 2 

thanks to the aerosol layer base extension algorithm added to SIBYL. AODs values were 

also affected by changes in the lidar ratio used for dust retrievals: version 3.01 data were 

generated using different lidar ratios for dust at 1,064 nm and polluted dust at 532 nm and 

1,064 nm as shown in Table 2.3. The effect of these changes in lidar ratios will be further 

addressed in Chapter 3. Through many improvements of aerosol retrieving algorithm, 

version 3.01 data show more accurate data than previous version 2. Overall, our analyses 
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show that the latest level version 3.01 CALIPSO data provide more reliable information 

and hence are more appropriate for dust studies. However, our analyses also revealed the 

remaining sources of uncertainty or error that must be accounted for in dust studies (see 

further discussion in Chapters 3 and 4). Some major sources are the following: a) having 

two aerosol types - ñdustò and ñpolluted dustò (see Table2.3) - does not capture the full 

variability of dust properties; b) low signal-to-noise ratio of the CALIOP lidar leads to 

the misclassification or lack of aerosol layer identification, especially near the land 

surface, that limits applicability of CALIPSO data for studying weak dust episodes; c) 

biases in daytime CALIOP attenuated backscatter profiles; d) the effect of multiple 

scattering, especially in dense dust plumes;  and finally, e) cloud contamination still may 

be a factor leading to erroneous vertical features classification.  Given the complexity of 

space lidar observations and various issues pertinent to aerosol (and dust in particular) 

retrievals, to fully benefit from CALIPSO lidar capabilities would require an integration 

of CALIPSO data with independent satellite and ground-based observations. A 

methodology for performing such integrative data analyses and its application to regional 

dust studies are presented in Chapters 4 and 5.  
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CHAPTER 3 

MODELING AND ANALYSI S OF DUST OPTICAL PROPERTIES 

FOR USE IN LIDAR REM OTE SENSING 

 

3.1 Introduction  

One of the critical issues of the CALIOP aerosol retrieval algorithm is an 

assumption about several aerosol optical characteristics (such as lidar ratio Sa) that are 

required by lidar retrievals. Currently, the CALIPSO retrieval algorithm uses a fixed 

value Sa = 40 sr for dust regardless of the source region and transported distances (see 

Chapter 2). Many past experimental and modeling studies, however, demonstrated that Sa 

varies in dust-laden conditions depending on the microphysical properties of dust 

particles such as size, composition, and shape. Better understanding of how variations of 

dust microphysical properties occurring during the dust lifecycle in the atmosphere can 

affect Sa is of great importance for accurate retrievals of the aerosol extinction profile and 

aerosol optical depth from CALIPSO lidar measurements. On the other hand, CALIPSO 

lidar provides unique information on the particulate linear depolarization ratio ŭp that 

potentially can be used to detect nonspherical dust particles (since ŭp = 0 for spheres) and 

characterize the dust aging, especially changes in particle shapes. Thus, it is important to 

examine the behavior of both lidar optical characteristics Sa and ŭp, considering the 

representative dust microphysical properties in the source regions and downwind. This 

motivated us to perform intensive optical simulations aimed at examining the extent to 

which the microphysical properties of dust particles affect the aerosol optical 

characteristics used in lidar remote sensing. We also modeled the single scattering albedo 
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and asymmetry parameter, both of which are required in radiative transfer calculations of 

the dust radiative impact. Chapter 3 presents the results of this modeling study.    

Despite the recent progress in the development of computationally fast numerical 

methods for optical modeling, calculation of the optical characteristics of mineral aerosol 

remains a challenging problem. The main reasons stem from the complex nature of dust 

particles whose shapes exhibit a wide variety of morphologies and sizes span over the 

wide range. It has been well recognized that the Mie theory, which gives accurate optical 

properties of spheres and is widely used in remote sensing applications, is not applicable 

to dust particles, especially for lidar remote sensing applications. Given the complexity of 

dust morphologies and limited data to reconstruct actual 3D shapes, the majority of 

studies approximate dust by a mixture of spheroids and employ the T-matrix technique to 

compute optical properties of dust-like mixtures (Mishchenko et al., 2007, Wiegner et al., 

2009). This method relies not only on one critical assumption that optical properties of a 

mixture of dust particles can be reproduced by a mixture of spheroids, but it also involves 

a number of other important assumptions related to defining the aspect ratio of prolate 

and oblate spheroids, its change with size, and the proportion of spheroids with different 

aspect ratios in fine and coarse mode particles (Dubovik et al., 2006, Wiegner et al., 

2009).  As an example, Figure 3.1(b) il lustrates how an actual dust particle can be 

approximated by a spheroid, which is defined by an axis ratio Ů, the ratio of the horizontal 

semi-axis (b) to the rotational semi-axis (a) as shown in Figure 3.1(b). It is apparent that 

in reality, dust shapes are more complex. An alternative approach for dust optical 

modeling has been suggested by Kalashnikova and Sokolik (2002, 2004). This approach 

is based on the Discrete Dipole Approximation (DDA) method. Although DDA allows 
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computing the optical properties of a particle of any shape and composition, the method 

is very computationally expensive compared to the T-matrix method and, what is even 

more critical, the data on 3D shapes of dust particles are currently very limited. Thus, if 

the T-matrix method would be able to reproduce the lidar observations, then the more 

complicated DDA approach will not be needed for CALIPSO. We examine this issue by 

performing a detailed optical modeling with T-matrix method in relation to CALIPSO 

and ground-based lidar observations. In addition, due to the narrow size parameter range 

of the T-matrix method, some studies used the improved geometric optics method 

(IGOM) for coarse particles (Yang et al., 2007). 

 

(a)                                                                (b) 

 

 

 

 

 

 

    

   

Figure 3.1 (a) Atomic Force Microscopy (AFM) image of a dust particle (from Chou et 

al., 2008) and (b) spheroid with axis ratio Ů =b/a. 

 

 

a 
b 

0.85 um 
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The goals of this study are to perform an intensive modeling of the optical 

properties of nonspherical dust particles to aid in the retrievals and in the interpretation of 

CALIOP data. To perform modeling over the required broad range of dust particle sizes, 

we developed a unified code by merging the T-matrix method and IGOM method, which 

is called TM/IGOM hereafter. The next section introduces the T-matrix and IGOM 

methods and the TM/IGOM. Section 3.3 describes the selection of microphysical 

parameters used in optical modeling. In Section 3.4, the results of optical modeling are 

discussed and compared to measurements. Lastly, Section 3.5 summarizes the main 

findings. 

 

3.2 Development of a Unified Code by Merging the T-matrix Method 

and the IGOM Method 

This section briefly introduces T-matrix and IGOM codes employed in our study. 

Then we show how the unified code TM/IGOM was developed and used to compute the 

optical characteristics of dust mixtures.  

 

3.2.1 T-matrix Method 

The T-matrix method originally developed by Waterman (1971) is an exact 

approach for computing the scattering and absorption properties of nonspherical, 

rotationally symmetric particles (e.g., spheroids). We employed a code of the T-matrix 

technique developed by Mishchenko and Travis (1994) which is publicly available at 

http://www.giss.nasa.gov/staff/mmishchenko/t_matrix.html. 
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The scattering matrix expresses the transformation of the Stokes vector of the 

incident beam, I0, Q0, U0, and V0, into the Stokes vector of the scattered beam, P, 

provided that both Stokes vectors are defined with respect to the scattering plane 

      (3.1) 

where n0 is the particle number density, R is the distance from the small-volume element 

dv to the observation point, and I, Q, U, and V are the Stokes parameters of scattered 

radiation. The scattering phase matrix P is defined as follows: 

,     (3.2) 

The phase function P11 satisfies the normalization 

      (3.3) 

The asymmetry parameter of the phase function is defined as 

    (3.4) 

An efficient approach for the computations of rotationally symmetric particles 

with random orientation is to expand the elements of the scattering matrix as follows: 

       (3.5) 

where Ŭ1
l 
is the expansion coefficients and ) are Legendre polynomials. 

, and thus the equation above is the expansion of the phase function in 

Legendre polynomials. <cos̄> is derived by using the orthogonality property of 

spherical functions, 
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<cos̄ > = ̜1
1 / 3,        (3.6) 

The absorption cross section ůabs per particle is defined as the difference between the 

extinction ůext and scattering ůsca cross sections 

ůabs = ůext - ůsca ,        (3.7) 

where the extinction and scattering cross sections are averaged over the uniform 

orientation distribution of a nonspherical particle and can be written in terms of the 

transition matrix T as follows: 

                                    

      (3.8) 

. (3.9) 

The basic principle of T-matrix consists of the expansion of scattered fields and 

the incident electromagnetic field in vector spherical wave functions. In T-matrix, the 

expansion coefficients of the incident field are transformed into those of scattered filed, 

which allows T-matrix to be used in the computation of any scattering characteristic of 

nonspherical particles. The T matrix elements are not dependent on the incident and 

scattering fields but depend only on the size parameter, refractive index, and shape of the 

scattering particle, and on the orientation of the scattering particle with respect to the 

reference frame. The T-matrix method is applied to size parameters (x = 2́ rv/ɚ) ranging 

from 0.5 to 50. This is another limitation of the T-matrix method with the limited types of 

particle shapes (such as spheroids, cylinder, and Chebyshev shapes). 
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3.2.2 IGOM Method 

The IGOM is a hybrid algorithm based on the principles of geometric optic and 

electromagnetic wave theory. In particular, this method employs the ray-tracing 

technique to compute the near-field on the scattering particle surface. The corresponding 

far-field is obtained by mapping the near-field to its counterpart in the radiation zone on 

the basis of electromagnetic wave theory. The basic formulation of the IGOM can be 

found in two studies of Yang and Liou (1996, 2009). To increase the computational 

efficiency of the IGOM, the Monte Carlo method is applied to the ray-tracing technique 

and a simplified algorithm is used to account for the ray-spreading effect associated with 

mapping the near-filed to the far-field. An IGOM numerical code used in our study was 

provided by Dr. P.Yang. 

In the IGOM code, the phase matrix can be written as 

 (3.10) 

where  and  are the (1,1) and (1,2) elements of the phase matrix. The 

factors, S11 and S12, are related to the ray spreading effect (Yang and Liou, 1996) caused 

by the finite cross sections of the rays (see Yang and Liou (1996, 2009) for the detailed 

expressions of factors S11 and S12). 

Once the scattering matrix is determined, it is straightforward to compute the 

scattering phase matrix that relates the scattered stoke parameters to their incident 

counterparts. Eq. (11) accounts for the phase interferences among geometric optics rays 

and diffraction 

       (3.11) 
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However, the effect of phase interferences on scattering pattern is negligible for 

polydisperse systems which consist of nonspherical particles with random orientation 

(Yang and Liou, 2009). Accordingly, the phase matrix can be simplified as 

      (3.12) 

where Pray is the contributions from geometric optics rays and Pdif  from diffraction. Both 

Pray and Pdif in Eq. (12) are normalized as follows: 

       and       ,  (3.13) 

The total extinction efficiency Qe is given by  

   (3.14) 

where  is calculated by the IGOM, and  is the mean 

edge contribution to the extinction efficiency, given by Fournier and Evans (1991) as 

follows: 

,   (3.15) 

Yang et al. (2007) point out that both extinction and absorption efficiencies are 

underestimated in the IGOM computation. Therefore, Nussenzveig and Wiscombe (1980) 

averaged the absorption efficiency over a size parameter interval æx ~ ˊ and suggested a 

mean absorption efficiency as follows: 

      (3.16) 

where Qa,GOM represents the geometric optics term. Qa,a.e. and Qa,b.e, are the analytical 

expressions presented by Nussenzveig and Wiscombe (1980) based on the CAM theory, 

and refer to the above-edge and below-edge contributions, respectively. The extinction ůe 

and scattering ůe cross sections are given by 
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       and        .      (3.17) 

where the projected area (A) is one quarter of the surface area (S) (Vouk, 1948). The 

surface area of a spheroid, given by Beyer (1981), is written as 

   (3.18) 

where a is the length of the semi-axis of rotation, b is the equatorial semi-axis, and Ů is 

the eccentricity of the spheroid. The relationship between the parameters can be given as 

follows: 

Ů = sqrt (a
2
 ï b

2
) / a.       (3.19) 

The IGOM method is valid for a size parameter range (x = 2́  rv/ɚ) from 20 to 800. 

 

3.2.3 Testing the Unified TM/IGO M Method 

Testing of the unified code was performed by examining modeling results of T-

matrix and IGOM in the common size parameter range. First of all, it is important to set 

up a size parameter between T-matrix and IGOM because they employ different 

definitions. The equal-volume-sphere radius rv in T-matrix can be related to the size 

parameter (x) as follows: 

x = 2́  rv / ɚ,         (3.20) 

rv = 50ɚ / 2 ,́         (3.21) 

V = (4/3)́ rv
3
 ,         (3.22) 

a = ((3VŮô) / (4́ ))
3
 ,        (3.23)

 
 

b = a / Ůô,         (3.24) 

XSIZE = 2́ (2b) / ɚ .        (3.25) 
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where ɚ is the wavelength (ɛm), V is the volume, a is the length of the longer axis of 

spheroid in IGOM, b is the length of the rotational axis in IGOM, and Ůô is the aspect 

ratio (Ůô = Ů for oblate spheroids and Ůô = 1/Ů for prolate spheroids), and XSIZE is the size 

parameter in the IGOM method. 

The equal-volume-sphere radius rv can be related to the equal-surface-area-sphere 

radius rs with values of a and b in eq. (3.23) and (3.24) as follows: 

rs = sqrt (S/4 ́ ).        (3.26) 

For example, the size parameter (x) of 50 corresponds to rs = 5.393 ɛm in T-matrix and 

XSIZE = 70.205 ɛm in IGOM at 660 nm for a spheroid with the aspect ratio of 1.7. For 

example, Figure 3.2 shows comparison of the scattering phase function computed with 

IGOM and T-matrix. This case is for rs = 5.393 ɛm in T-matrix, XSIZE = 70.205 ɛm in 

IGOM, and aspect ratio = 1.7, and the refractive index of 1.53 + i0.008. Excellent 

agreement between the two phase functions computed with T-matrix and IGOM is 

apparent. 

 

 

Figure 3.2 Scattering phase function computed at 660 nm for refractive index of 

1.53+i0.008, size parameter of 50, and aspect ratio of 1.7. 
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 In the unified TM/IGOM code, computations are performed with either T-matrix 

or IGOM depending on the parameter space. In Figure 3.3 solid line shows the boundary 

of size parameter (x) at each aspect ratio, separating the usage of T-matrix and IGOM at 

532 nm.  

 

 

Figure 3.3 Range of the equal-surface-area-sphere radius (rs) with the application of T-

matrix method (below the boundary curve) and IGOM (above) at 532 nm. 

 

3.2.4 Approach to Computing Optical Properti es of Dust Particles 

In this study, we model the following optical characteristics: scattering 

coefficients bs, extinction coefficients be, asymmetry parameter g, single scattering 

albedo ɤ0, the phase function of P11(180°) and the scattering phase matrix element 

P22(180°) at the scattering angle of 180°, aerosol lidar ratio Sa, and aerosol linear 

depolarization ratio ŭp. They are defined as follows   

l=532 nm 

IGOM 

T-matrix 
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where n(r) is the particle size distribution.   
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3.3 Selection of Dust Microphysical Parameters 

To construct representative dust mixtures for optical modeling, we examined data 

provided by several recent field experiments (e.g., ACE-Asia, PRIDE, AMMA , and 

SAMUM) as well as laboratory measurements (e.g., Lafon et al., 2006).  Here we briefly 

introduce these measurements and explain how they were used to constrain the size 

distribution, composition and refractive indices, and aspect ratio distribution of spheroids.  

 

3.3.1 Particle Composition and Refractive Index 

The particle composition, which determines a refractive index, is acquired from 

the laboratory generated samples of dust aerosols and atmospheric dust samples (Sokolik 

and Toon, 1999; Lafon et al., 2006). For the internal mixture of 2% hematite and 98% 

kaolinite, Sokolik and Toon (1999) suggested a refractive index of 1.52+0.0058i. Lafon 

et al. (2006) modeled the optical properties of iron oxide-clay aggregates with non-

absorbing mineral species (i.e., quartz and calcite) and light-absorbing species (i.e., black 

carbon and kaolinite) based on mineralogical composition measurements of Asian and 

Saharan dust aerosols. They gave that the range of the real part of the refractive index of 

kaolinite-containing aggregates between 1.5 and 1.6 in the visible spectrum. Based on 

data from the 2006 SAMUM field campaign, Kandler et al. (2008) suggested that mineral 

dust consists of silicates, carbonates, and quartz, and based on this compositional 

information, they determined the range of the real part of refractive index from 1.5 to 1.6 

and the imaginary part around 0.003 ± 0.0005 at the 530 nm wavelength. Petzold et al. 

(2008) reported that the real part of the refractive index from 1.55 to 1.56, and the 

imaginary part from 0.0016 to 0.0042 at 550 nm. Heinold et al. (2008) suggested a range 



44 

 

of 1.53 to 1.56 for the real part and 0.0015 to 0.0085 for the imaginary part at the 

wavelength of 537 or 550 nm. Based on these studies, we selected the real part of the 

imaginary index in the range between 1.52 and 1.56, and the range from 0-0.006 for the 

imaginary part at the 532 nm lidar wavelength. 

 

3.3.2 Particle Size Distribution  

The Aerosol Characterization Experiment in Asia (ACE-Asia) measurements 

show that particle size distributions of mineral dust have two size modes in the radius in 

the range 0.05 to 6.0 ɛm (Arimoto et al., 2006, Seinfeld et al., 2004). The Puerto Rico 

Dust Experiment (PRIDE) experiment reported that the bimodal particle distribution had 

a maximum radius close to 5 ɛm. Chou et al. (2008) used the three-modal lognormal 

distribution in the radius range of 0.01 to 5 ɛm based on the African Monsoon 

Multidisciplinary Analysis project (AMMA) measurements. Wiegner et al. (2009) fitted 

the particle size distribution with the four-modal lognormal distribution in the radius 

range of 0.05-10 ɛm based on observations from the Saharan Mineral Dust Experiment 

(SAMUM). For version 2 inversion products of AERONET, Dubovik et al. (2006) 

applied the bimodal lognormal distribution with the radius between 0.05 to 15 ɛm. 

In our modeling, we represented the dust particle size distribution by a bimodal 

lognormal function to explicitly account for fine and coarse modes: 
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where r is the radius of the equal-surface-area-sphere, rgi  the geometric mean radius of 

the ith mode, and ůi the geometric standard deviation of the ith mode. Based on 

measurements, we considered particle sizes in the radius range from 0.1-1.0 ɛm with rg1 
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= 0.5 ɛm and lnů
2 
= 0.5 for the fine mode (i=1) and the radius from 0.1 to 15 ɛm with rg2 

= 1.0 ɛm and lnů
2 

= 0.5 for the coarse mode (i=2). For a sensitivity study, we also 

considered size distributions having a maximum radius 6 ɛm and a median radius of 2.0 

ɛm for the coarse mode. 

Despite various differences in reported dust size distributions, there is a common 

consensus that coarse particles are most abundant in dust sources and their relative 

fraction decreases during transport (Maring et al., 2003). The presence of coarse dust 

particles strongly affects the light scattering and its variations must be taken into account 

(Munoz et al., 2007, Nousiainen et al., 2011). For instance, Kalashnikova et al. (2005) 

modeled the optical properties of dust particles by varying the proportion of the fine and 

coarse particles and proposed representative mineral dust composition-size-shape types 

with the combination of the fine and coarse modes. We investigated the effect of coarse 

dust particles on the optical properties by varying the proportion of fine and coarse 

modes, which helps to demonstrate relative contribution of each size mode to dust optical 

properties as well as possible changes in optical properties during transport. Accordingly, 

we changed the proportion of fine and coarse particles as follows: 

Case 1: 30% fine mode + 70% coarse mode  

Case 2: 50% fine mode + 50% coarse mode  

Case 3: 70% fine mode + 30% coarse mode  

 

3.3.3 Particle Aspect Ratio Distribution  

Several recent studies provided direct measurements of the aspect ratio of dust 

particles as a function of size. We used these data along with the aspect ratio distributions 
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that are commonly being used in remote sensing to examine the effect of a certain aspect 

ratio distribution on lidar optics. Table 3.1 compares five distributions considered in our 

study. Mixture 1 (denoted by M1) represents the case of equally weighted aspect ratios 

from 1.2 to 3.0. Mixture 2 (M2) is similar to M1 but represents aspect ratios from 1.05-3. 

Mixture 3 (M3) is based on measurements of the aspect ratio from SAMUM for Saharan 

dust (Wiegner et al., 2009), and mixtures 4 (M4) and 5 (M5) are based on data reported 

by Okada et al. (2001) for Asian dust.  In addition, we considered the dust mixtures 

consisting of only prolate spheroids (denoted by P), oblate spheroids (O), or 50% each 

type (PO). 

 

Table 3.1 Aspect ratio distributions of dust particles used in optics modeling. 

Aspect ratio(Ůô) 1.05 1.1 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

M1   0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

M2 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 

M3 

Fine   0.535 0.289 0.108 0.040 0.015 0.007 0.003 0.001 0.001 0.001 

Coarse   0.103 0.234 0.218 0.157 0.101 0.065 0.041 0.027 0.018 0.026 

M4   0.335 0.319 0.179 0.087 0.042 0.020 0.009 0.005 0.002 0.001 

M5 0.141 0.173 0.230 0.219 0.123 0.060 0.029 0.014 0.006 0.003 0.001 0.001 
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3.4 Results and Discussion 

The constructed mixtures were used to perform a detailed modeling of Sa, ŭp, ɤ0, 

and g, and the results were evaluated against observations to the extent possible. 

 

3.4.1 Effect of Aspect Ratio Distribution  

Tables 3.2 and 3.3 show the values of Sa, ŭp, ɤ0, and g at 532 nm for the case 1 

(70% coarse mode and 30% fine mode) computed for the three mixtures (P, O, and PO) 

for all five aspect ratio distributions. The fine mode is in the radius range from 0.1-1.0 

ɛm, rg1 = 0.5 ɛm and lnů
2 
= 0.5, and the coarse mode is from 0.1-15 ɛm, rg2 = 1.0 ɛm, 

and lnů
2 
= 0.5.  

For comparisons, Table 3.4 lists observations of Sa and of ŭp performed under 

different dust conditions. Based on measurements presented in Table 3.4, dust episodes 

often show the depolarization ratio of above 0.28 and the lidar ratio of between 35 and 60 

sr. Comparing Table 3.2 and Table 3.4, it is noted that only some mixtures can reproduce 

observations: M1_O (Mixture 1 with oblate spheroids only), M2_O (Mixture 2 with 

oblate spheroids only), M3_PO (Mixture 3 with 50% oblate and prolate spheroids), M3_P 

(Mixture 3 with prolate spheroids only), M4_P (Mixture 4 with prolate spheroids only), 

and M5_P (Mixture 5 with prolate spheroids only).  
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Table 3.2 Modeled particulate linear depolarization ratio ŭp and lidar ratio Sa at 532 nm 

for three cases (O: oblate spheroid, P: prolate spheroid, PO: 50% each) of five shape 

distributions (M1-M5) of dust particles. Each case consists of fine mode 30% and coarse 

mode 70%. The size range from 0.1 to 1 ɛm with rg = 0.5 ɛm and lnů
2 

= 0.5 for fine 

mode and from 0.1 to 15 ɛm with rg = 1.0 ɛm and lnů
2 
= 0.5 for coarse mode). 

  Depolarization ratio (ŭp) Lidar ratio (Sa) 

 
n 1.52 1.56 1.52 1.56 

k 0.003 0.006 0.003 0.006 0.003 0.006 0.003 0.006 

M1 

O 0.311 0.299 0.285 0.272 46.3 63.9 41.4 56.5 

P 0.229 0.233 0.200 0.200 75.4 97.9 63.6 82.9 

PO 0.270 0.266 0.242 0.236 61.1 80.9 52.5 69.7 

M2 

O 0.301 0.283 0.272 0.253 40.9 56.1 36.0 49.3 

P 0.245 0.241 0.207 0.202 64.7 84.3 54.3 71.1 

PO 0.273 0.262 0.239 0.228 52.8 70.2 45.1 60.2 

M3 

O 0.264 0.258 0.251 0.241 30.3 41.0 26.4 35.7 

P 0.278 0.285 0.242 0.246 49.8 66.8 42.4 57.1 

PO 0.271 0.271 0.247 0.243 40.1 53.9 34.4 46.4 

M4 

O 0.271 0.267 0.264 0.256 21.1 28.2 18.5 24.6 

P 0.293 0.309 0.258 0.268 34.3 46.3 29.5 40.1 

PO 0.282 0.288 0.261 0.262 27.7 37.2 24.0 32.4 

M5 

O 0.265 0.248 0.246 0.226 18.0 24.7 15.4 21.0 

P 0.303 0.302 0.254 0.251 27.0 36.8 22.8 31.3 

PO 0.284 0.275 0.250 0.239 22.5 30.7 19.1 26.1 

¶ n is the real part of refractive index and k is the imaginary part of refractive index. 
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Table 3.3 Same as Table 3.2 but for the modeled single scattering albedo ɤ0 and 

asymmetry parameter g.  

  Single scattering albedo (ɤ0) Asymmetric parameter (g) 

 
n 1.52 1.56 1.52 1.56 

k 0.003 0.006 0.003 0.006 0.003 0.006 0.003 0.006 

M1 

O 0.8898 0.8244 0.8875 0.8216 0.7579 0.7847 0.7439 0.7724 

P 0.8887 0.8225 0.8870 0.8205 0.7813 0.8007 0.7711 0.7928 

PO 0.8892 0.8235 0.8872 0.8211 0.7696 0.7927 0.7575 0.7826 

M2 

O 0.8889 0.8227 0.8868 0.8201 0.7591 0.7851 0.7455 0.7731 

P 0.8881 0.8212 0.8864 0.8191 0.7787 0.7986 0.7681 0.7900 

PO 0.8885 0.8219 0.8866 0.8196 0.7689 0.7918 0.7568 0.7816 

M3 

O 0.8853 0.8169 0.8829 0.8140 0.7410 0.7706 0.7268 0.7585 

P 0.8860 0.8177 0.8841 0.8152 0.7623 0.7857 0.7498 0.7759 

PO 0.8857 0.8173 0.8835 0.8146 0.7517 0.7782 0.7383 0.7672 

M4 

O 0.8840 0.8143 0.8818 0.8117 0.7398 0.7690 0.7258 0.7572 

P 0.8849 0.8153 0.8831 0.8132 0.7583 0.7804 0.7433 0.7709 

PO 0.8844 0.8148 0.8825 0.8125 0.7490 0.7747 0.7345 0.7641 

M5 

O 0.8842 0.8143 0.8823 0.8120 0.7478 0.7747 0.7345 0.7633 

P 0.8849 0.8151 0.8831 0.8128 0.7607 0.7827 0.7462 0.7726 

PO 0.8846 0.8147 0.8827 0.8124 0.7543 0.7787 0.7404 0.7680 

¶ n is the real part of refractive index and k is the imaginary part of refractive index. 
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Table 3.4 Lidar ratio S532 at 532 nm and the particle depolarization ratio ŭp reported from 

observations. 

Source Region 

(Campaign) 

Layer 

(km) 

S532 ŭp Lidar (References) 

Asian Dust - Source Region    

Beijing 12 days 

averaged 

40.7±7.8 0.142± 

0.042 
Raman lidar 

(Xie et al., 2008) 

Gobi , Beijing PBL
a
 35±5  Raman lidar 

(Tesche et al., 2007) 

Asian Dust - Transported Area    

Anmyeon Island, 

   South Korea 

 45.5±8.6 0.26±0.1 Raman lidar 

(Noh et al., 2007) 

Tokyo .Japan 4-4.6 43.1±7 0.2 UV-Raman lidar / Nd:Yag 

laser 

(Murayama et al., 2004) 

Tokyo (ACE-Asia) > 3.6 45-60 0.3-0.35 Mie backscatter lidars 

(Murayama et al., 2003) 

Tsukuba / Tokyo, Japan  42-55  HSRL
b
/Raman lidar 

(Liu et al., 2002) 

Nagoya / 

Tsukuba, Japan 

2-8 

4-7 

46±5 

(40-60) 

0.2-0.33 Nd: Yag laser 

(Sakai et al., 2002) 

Saharan Dust - Source Region    

North Africa  
 36.4/38.5 

±9.2
c
 

0.3-0.32 Nd: Yag laser_CALIOP 

(Liu et al., 2010) 

Quarzazate (SAMUM) <6 50-60 0.32 

Raman lidar 

(Muller et al., 2009; 

Freudenthaler et al., 2008) 

Quarzazate (SAMUM) < 4.5 41-60 0.28-0.32 
HSRL

b
 

(Esselborn et al., 2008) 

Saharan Dust - Transported Area    

Potenza (SAMUM) 2-6.5 55-60   EARLINET
d 

(Muller et al., 2009) 

Tito Scalo, Potenza 2.5-5.9 

(mean) 

37  Raman lidar 

(Mona et al., 2006) 

Leipzig, Germany   0.1-0.25 EARLINET
d 

(Muller et al., 2007) 

a. Planetary boundary layer (PBL) 

b. High-Spectral-Resolution Lidar (HSRL) 

c. Effective Lidar Ratio (median / mean values) 

d. European Aerosol Research Lidar Network (EARLINET) 
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3.4.2 Effect of Size Distribution and Composition 

To investigate the sensitivity to size distribution, we fix the range of fine mode 

and change the range of coarse mode. The black solid lines in Figures 3.4 and 3.5 show 

the results for the size range of 1-15 ɛm, rg = 1 ɛm and lnů
2 

= 1,. Similarly, the black 

dotted lines display the results when the size range is changed from 1-15 ɛm to 1-6 ɛm. 

The red solid lines show modeled values when the median radius rg is changed from 1.0 

ɛm to 2.0 ɛm for the size range of 1-15 ɛm and the red dotted lines for the size range of 

1-6 ɛm.  

Figure 3.4 and 3.5 show that the change of size range from 1-15 ɛm to 1-6 ɛm 

only slightly affects the values of Sa, ŭp, ɤ0, and g at 532 nm. However, the change of rg 

from 1.0 ɛm to 2.0 ɛm, however, causes a noticeable increase in Sa and g, but results in a 

decrease in ɤ0. These results indicate that the size range above the particle radius of 6 ɛm 

has little impact on dust optical properties the 532 lidar wavelength for considered 

median radii (1mm and 2 mm) of coarse mode. However, the value of median radius itself 

is important.   

When the real part of the refractive index was varied from 1.52 to 1.56, ŭp and g 

decreased down to 0.05 and 0.017, respectively while Sa and ɤ0 increased up to 9.7 and 

0.0028, respectively. When the imaginary part increases from 0.003 to 0.006, Sa and g 

increase while ɤ0 decreases and there is no certain pattern of ŭp. This result implies that 

changes in the imaginary part of refractive index do not have noticeable impact on the 

particle depolarization ratio, ŭp. 
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(a) M1 (oblate spheroid only)                         (b) M2 (oblate spheroid only) 

   
(c) M3 (50% each)                                         (d) M3 (prolate spheroid only)  

     
(e) M4 (prolate spheroid only)  (f) M5 (prolate spheroid only)  

   

 

Figure 3.4 Lidar ratio and linear depolarization ratio computed for different refractive 

indices and  aspect ratio distributions of dust particles for (a) mixture 1, (b) mixture 2 

(oblate spheroid only), (c) mixture 3 (50% each), (d) mixture 4, (e) mixture 5, and (f) 

mixture 6 (prolate spheroid only) for 70% coarse and 30% fine modes at 532 nm (fine 

mode: 0.1  ̸r  ̸1 ɛm with rg = 0.5 ɛm, coarse mode: 0.1  ̸r  ̸15 ɛm (solid line)/ 0.1 

 ̸r  ̸6 ɛm (dotted line) with the median radius of 1 ɛm (black line)/ 2 ɛm (red line)) 

(lnů
2 
= 0.5 is fixed for each mode). 



53 

 

(a) M1 (oblate spheroid only)                         (b) M2 (oblate spheroid only) 

   

(c) M3 (50% each)                                         (d) M3 (prolate spheroid only)  

     

(e) M4 (prolate spheroid only)                         (f) M5 (prolate spheroid only) 

    

   

Figure 3.5 Same as Figure 3.4, but for the single scattering albedo and asymmetry 

parameter.
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3.4.3 Effect of Coarse Dust Particles 

In Figure 3.6, the black solid line represents the case 1 (70% coarse mode + 30% 

fine mode), the blue dotted line is for the case 2 (50% each), and the red dotted line is for 

the case 3 (30% coarse mode + 70% fine mode) for the selected mixtures shown in Table 

3.2. Examining Figure 3.6, one can see that among all the cases, case 1 has the largest 

lidar ratio value, which decreases from case 2 to case 3. The largest difference between 

case 1 and 3 reaches DSa=26.4 sr. However, no specific pattern can be seen in the 

behavior of ŭp. If one considers that ŭp remains constant during the dust transport, as was 

done by Liu et al.(2008), then the M1 oblate spheroid mixture appears to give the best-fit 

aspect ratio distribution for the refractive index of 1.52 + i0.003, as shown in Figure 

3.6(a) where ŭp is about 0.31 as reported by Liu et al. (2008). In this figure, ŭp, Sa, ɤ0, and 

g at 532 nm (for refractive index of 1.52 + i0.003) have the values of 0.311/ 46.8 sr/ 

0.8897/ 0.7578 for the case 1, 0.309/ 42.3 sr/ 0.9085/ 0.7416 for the case 2, and 0.308/ 

37.8 sr/ 0.9273/ 0.7253 for the case 3, respectively. This result shows that the value of ŭp 

rarely changes, while Sa and g decrease, and ɤ0 increase with the decreasing fraction of 

coarse dust particles. The trend of g and ɤ0 are similar with the other mixtures (see 

Figure 3.7). This result is also in good agreement with the HSRL measurements of lidar 

ratios on May 19 and June 3, 2006 as shown in the Fig. 3.8 of Wiegner et al. (2009). 

Figure 3.8 shows that lidar ratios decrease from 50.3 ± 2.2 sr (at 3.25 km) to 47.0 ± 2.4 sr 

(at 4.85 km) on May 19 and from 46.2 sr (below around 2.5 km) to 38 sr (at 3.8 km) on 

June 3, 2006. To reproduce the lower lidar ratio (38 sr) at 3.8 km, Wiegner et al. (2009) 

used a higher imaginary part of the refractive index. Tuning the imaginary part had no 

justification since no systematic changes in dust composition with altitude were observed. 
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Our modeling results offer an alternative explanation. Results demonstrate that the lidar 

ratios decrease from 46.8 sr (case 1) to 37.8 sr (case 3) for the M1 oblate spheroid 

mixture with the refractive index of 1.52 + i0.003. Thus, the vertical decrease of lidar 

ratio on June 3 2006 can be best explained by the decrease of large dust particles with 

altitude. 

The fact that ŭp remains almost constant with the decreasing fraction of coarse 

particles implies that this parameter has a relatively low sensitivity to size distribution. 

Therefore, we believe that the conclusions of Liu et al. (2008), that dp remained constant 

during transport of an African dust episode of 2006 because of little changes in the dust 

size distribution, are questionable.  

Another important finding is a decrease of Sa with the decreasing faction of the 

coarse mode. Therefore, varying lidar ratio values must be considered in CALIOP 

retrievals instead of fixed Sa value used in version 2 and 3.01 data. Furthermore, 

variations in the values of ɤ0 and g also suggest that different values of ɤ0 and g will 

need to be considered over the dust source and remote areas in satellite retrievals and 

radiative forcing modeling. 
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(a) M1 (oblate spheroid only)                          (b) M2 (oblate spheroid only) 

    
(c) M3 (50% each)                                           (d) M3 (prolate spheroid 100%)  

     
(e) M4 (prolate spheroid 100%)                        (f) M5 (prolate spheroid 100%) 

     
 

Figure 3.6 Lidar ratio and linear depolarization ratio computed for different refractive 

indices and five  aspect ratio distributions of dust particles for (a) M1 (oblate spheroid 

only), (b) M2 (oblate spheroid 100%), (c) M3 (50% each), (d) M4 (prolate spheroid 

100%), (e) M5 (prolate spheroid 100%), and (f) M5 (prolate spheroid only) with 0.1  ̸r 

 ̸1 ɛm with rg = 0.5 ɛm for fine mode and 0.1  ̸r  ̸15 ɛm with rg = 1 ɛm for coarse 

mode (lnů
2 
= 0.5 is fixed for each mode) at 532 nm. 
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(a) M1 (oblate spheroid only)                            (b) M2 (oblate spheroid only) 

   
(c) M3 (50% each)                                           (d) M3 (prolate spheroid 100%)  

   

 

 

 

 

 

 

 

 

 

 

 

(e) M4 (prolate spheroid 100%)                        (f) M5 (prolate spheroid 100%) 

   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Same as Figure 3.6, but for single scattering albedo and asymmetric 

parameter. 
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Figure 3.8 HSRL measurement of the lidar ratio and modeled lidar ratio at 532 nm on 

May 19 2006 (left panel) and on June 3 2006 (right panel) (From Wiegner et al., 2009). 

 

 

3.5 Summary 

This study examined how variations of dust microphysical properties can affect 

the lidar ratio Sa and particulate depolarization ŭp. The ɤ0 and g were also modeled and 

used in assessments of the dust radiative impact (see Chapters 4 and 5). To perform 

optical modeling, we developed the TM/IGOM technique, which is a combination of the 

T-matrix and IGOM methods. TM/IGOM enables optical modeling in the wide size range 

covering from fine to coarse sizes of dust particles. The upper limit of 15 mm radius was 

considered in this study.  
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Examination of the behavior of both lidar optical characteristics Sa and ŭp was 

performed by considering the representative selection of microphysical properties based 

on recent measurements. Comparing the results of measurements to modeling, it is noted 

that only some mixtures can reproduce lidar observations. Dust episodes observed from 

satellite or ground-based lidar often show the depolarization ratio of above 0.28 and the 

lidar ratio of between 35 and 60 sr.  

The change of size range of the coarse mode from 1-15 ɛm to 1-6 ɛm has a small 

effect on the values of Sa, ŭp, ɤ0, and g at 532 nm. These optical characteristics are much 

more sensitive to the change of rg from 1.0 ɛm to 2.0 ɛm. Increasing rg causes a 

noticeable increase in Sa and g and a decrease in ɤ0. These results suggest that particles 

with sizes above 6 ɛm do not affect the lidar signal at the 532 lidar wavelength. 

When the real part of the refractive index was varied from 1.52 to 1.56, ŭp and g 

decreased down to 0.05 and 0.017, respectively, while Sa and ɤ0 increased up to 9.7 and 

0.0028, respectively. When the imaginary part increased from 0.003 to 0.006, Sa and g 

increased while ɤ0 decreased and there was no special pattern of ŭp. This result implies 

that the changes in the imaginary part of refractive index do not have noticeable impact 

on the particle depolarization ratio, ŭp. 

The fact that ŭp remained almost constant with the decreasing fraction of coarse 

particles implies that this parameter has a relatively low sensitivity to size distribution. 

Therefore, we believe that the conclusions of Liu et al. (2008), that dp remained constant 

during transport of an African dust episode of 2006 because of little changes in the dust 

size distribution, are questionable. Moreover, a decrease of Sa during transport implies 

that varying lidar ratio values should be applied to the retrieval of CALIOP lidar data 



60 

 

instead the currently used fixed value of 40 sr. The variations in the values of ɤ0 and g 

also suggest that different values of ɤ0 and g will need to be considered over the dust 

source and remote areas in satellite retrievals and radiative forcing modeling. 

In future work, it would be helpful to model the Angstrom parameter at the 

wavelength 532 - 1064 nm, which is related to the particulate color ratio in CALIOP data. 

However, modeling the optics at 1064 nm requires inclusion of even larger size particles 

for which information on the aspect ratio and composition is still lacking. Establishing 

relationships between the Angstrom parameter and particulate color ratio and Sa at 532 

nm will make it possible to use the particulate color ratio observed by CALIOP in the 

dust retrieval. It is recommended that different lidar ratios be applied in the CALIOP 

retrievals based on regional dust sources and the transported distances from sources. 
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CHAPTER 4 

INVESTIGATION OF THE PROPERTIES AND 

SPATIOTEMPORAL DISTRIBUTION OF ASIAN DUST IN SOURCE 

REGIONS AND DOWNWIND AND ASSESSMENTS OF DUST 

RADIATIVE FORCING AND HEATING/COOLING RATES  

 

4.1 Introduction 

In Chapter 2, this study demonstrated a procedure for retrieving aerosol properties 

from the CALIPSO level 1B data and the performance of CALIOP in dust-laden 

conditions. Distinctive improvements in the latest level 2 version 3.01 data give 

confidence in using CALIOP data for dust studies, although some biases were identified. 

Also, version 3.01 data include two new aerosol products (particulate depolarization ratio 

and particulate color ratio, see Chapter 2) that have not been analyzed by previous studies 

and analysis of these products will be one of our objectives.  

As commented in Chapter2, the characterization of aerosols from CALIPSO is a 

multi-step process, involving several different algorithms (such as SYBIL, SCA and 

HERA). In these algorithms, the correct identification of vertical features in CALIOP 

backscattering signals is a key step in characterizing both aerosols and clouds. Here we 

use independent observations to examine the accuracy of CALIPSO identification of the 

presence of dust as well as its vertical distribution (i.e., VFM) in the source regions and 

downwind. Level 2 data products were retrieved using an improved version of the cloud-

aerosol discrimination (CAD) algorithm. However, dense aerosol layers (such as dense 
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dust in and near the source regions) are hard to discriminate from clouds, and they are 

likely to be classified as clouds by CALIPSO. We address this issue by utilizing 

observations of clouds from other ground-based and satellite instruments.  

The specific goals of the study presented in this chapter are as follows: 1) 

examine the vertical distribution and optical properties of Asian dust in the dust sources 

and during the transport using the new level 2 version 3.01 CALIOP data, in conjunction 

with independent satellite and ground-based observations; 2) and assess the dust radiative 

forcing and heating/cooling rates using observed vertical profiles and optical properties 

of Asian dust along with modeled dust optical properties (e.g., the single scattering 

albedo and the asymmetry parameter presented in Chapter 3). 

Section 4.2 introduces the data and methodology used in this study. Section 4.3 

presents the results of our analyses of Asian dust events in the spring (dust) seasons of 

2007-2010 in the dust sources and downwind regions affected by mid- and long-range 

transported Asian dust. Section 4.4 discusses the assessment of the radiative impact of 

Asian dust, and Section 4.5 summarizes the main findings. 

 

4.2 Data and Methodology 

4.2.1 Ground-Based and Satellite data 

We analyzed CALIOP data in conjunction with A-Train multi-satellite, multi-

sensor products (including MODIS aboard Aqua, some MODIS Terra data, OMI aboard 

Aura, and CloudSat) as well as with ground-based meteorological, lidar, and AERONET 

data for the spring seasons of 2007-2010. Figure 4.1 shows the dataset included in the 

integrative analyses of Asian dust events in our study.  
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Figure 4.1 Ground-based and satellite data used in the study (see text for details). 

 

Meteorological data are provided by the NOAA National Climatic Data Center 

(NCDC). According to the World Meteorological Organization (WMO) protocol, 

SYNOP data report the present weather type. The types of present weather related to dust 

events are categorized as ñdust stormò (corresponding to visibility <1 km), ñblowing 

dustò (1 km<visibility<10 km), and ñfloating dustò (visibility below 10 km). Figure 4.2 

shows the locations of weather stations in Asia used for analysis. 

The National Institute for Environmental Studies (NIES) Lidar Network and 

Asian Dust Network (AD-Net) operate several lidar sites across East Asia (http://www-

lidar.nies.go.jp/). We analyzed lidar data from four stations (Seoul and Suwon in Korea, 

and Toyama and Tsukuba in Japan). Figure 4.2 shows the site locations. The network 

employs two wavelength lidars operating at 532 and 1064 nm.  

 

http://www-lidar.nies.go.jp/
http://www-lidar.nies.go.jp/
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Figure 4.2 Locations of ground weather, Lidar, and AERONET sites in East Asia used in 

this study. 

 

The AERONET (AErosol RObotic NETwork) is a network of ground-based sun-

sky measurement that provides aerosol properties such as spectral AOD, aerosol volume 

size distribution, and single scattering albedo. The location of four AERONET stations 

(Dalanzadgad and XiangHe in China, Gwangju in Korea, and Shirahama in Japan) is also 

shown in Figure 4.2. 

The Aerosol Index (AI) retrieved from OMI-Aura is defined as a residual quantity 

that indicates the departure of the spectral dependence of upwelling radiation relative to 

molecular (Rayleigh) scattering. The AI data (from TOMS and OMI) have been used for 

some time to remotely sense UV-absorbing aerosols such as desert dust (e.g., Huang et 

al., 2007, Moulin and Chiapello, 2004). Figure B.1 in Appendix presents the OMI AI 

fields in the spring of 2007, clearly showing high values of AI in the dust sources and 

transported areas.  
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Similar to the AI from OMI, the AOD and Deep Blue AOD at 550 nm from 

MODIS-Aqua enable the regional characterization of spatiotemporal distributions of 

aerosols. This study uses the MODIS Deep Blue AOD over the land and the standard 

MODIS AOD product over the ocean together because in the latter case, AODs are 

largely missing over bright surfaces such as desert and semi-desert areas. The MODIS 

aerosol products are MYD04_L2 data whose spatial resolution is 10 km (at nadir). In 

addition, RGB images from both MODIS-Terra and MODIS-Aqua (Level-1 data reported 

as granules of five minutes with the 1 km resolution) were analyzed to confirm the 

presence of Asian dust and dust-cloud mixed scenes.  

The CALIPSO products analyzed in this chapter are mainly level 2 version 3.01 

data, including the vertical feature mask (VFM), the aerosol type, the AOD at 532 nm, 

the volume depolarization ratio (ŭv), the particulate depolarization ratio (ŭp), and the 

particulate color ratio (ɢp). As described in Chapter 2, CALIPSO aerosol products enable 

the examination of both the vertical and spatiotemporal distribution of dust, the 

investigation of dust optical properties over the source and downwind regions, and the 

assessment of their radiative impact. We also used CloudSat data to validate the 

discrimination between aerosols and clouds in the CALIPSO vertical feature mask. 

CloudSat radar is not sensitive to aerosols and detects clouds only.  

The NOAA HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) 

model helps to track the mid- and long-range transport of Asian dust plumes. The model 

has recently been upgraded, including improved advection algorithms, updated stability 

and dispersion equations, and a new graphical user interface. We perform HYSPLIT 

modeling using a dedicated website http://www.arl.noaa.gov/ready/. 
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The NOAA ESRL (Earth System Research System) enables the investigation of 

daily NCEP/NCAR Reanalysis data from 1948 to the present. These data were used to 

examine the meteorological conditions of dust events. In this study, the NOAA ESRL 

analysis was performed at a dedicated website http://www.esrl.noaa.gov/psd/.  

 

4.2.2 Radiative Transfer Code: SBDART 

SBDART, a FORTRAN computer code developed by the Earth Space Research 

Group at the University of California-Santa Barbara, was used to perform radiative 

transfer calculations. SBDART considers a plane-parallel atmosphere in which the 

radiative fluxes are computed combining the discrete ordinate radiative transfer module 

(DISTORT) and low-resolution correlated k-distribution atmospheric transmission model 

(Ricchiazzi et al., 1998). SBDART requires several input parameters such as the AOD, 

single scattering albedo, and asymmetry parameter that were computed for representative 

mixtures of nonspherical (spheroid) dust mixtures (see Chapter 3). 

 

4.2.3 Methodology 

We developed a methodology to identify CALIPSO tracks in dust-laden 

conditions in the regions of interest and perform integrative analysis of selected tracks in 

conjunction with multi-satellite and ground-based observations on a case-by-case basis. 

The methodology also includes analysis of synoptic meteorological conditions associated 

with dust events in source regions and in transported areas. As part of this analysis, 

selection of representative vertical distributions of Asian dust was done and then used for 

the assessment of radiative forcing and heating/cooling rates.  
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For each CALIPSO track, four optical parameters including the layer integrated 

volume depolarization ratio, the layer integrated particulate depolarization ratio, the layer 

integrated particulate color ratio, and aerosol-layer optical depth at 532 nm were analyzed 

to examine their characteristic features in each source region, followed by examination of 

their changes during the dust transport. In addition, CALIOP AODs at 532 nm were 

compared to MODIS-Aqua data in each case. For this comparison, we selected the 

closest footprint of MODIS-Aqua corresponding to each footprint along the CALIPSO 

track, and then the AOD profiles of CALIPSO for each footprint were integrated to give a 

total AOD over the entire atmospheric column similarly to MODIS AOD. 

In this Chapter, the methodology was applied to the study of Asian dust, while 

Chapter 5 presents the results for other major dust sources. For Asian dust, our emphasis 

was on the source regions, mainly the Taklamakan Desert (36°-40°N, 78°-90°W) and 

Gobi Desert (38°-49°N, 94°-116°W) and downwind regions affected by mid- and long-

range dust transport (including Korea (30°-40°N, 124°-132°W), Japan (30°-42°N, 132°-

146°W), Western Pacific Ocean (28°-40°N, 150°-180°W), Middle Pacific Ocean (28°-

48°N, 180°-140°E), Eastern Pacific Ocean (28°-48°N, 140°-120°E)). Although dust 

events may occur all year round, the spring season has the highest dust activity. 

Figure 4.3 illustrates how this methodology is being used in Chapter 4.  
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Figure 4.3 Schematic diagram of the methodology used in Chapter 4. 
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4.3 Results 

To demonstrate how the developed methodology was applied to analyze Asian 

dust events on a case-by-case basis, here we present in detail the results for selected 

events in the source regions and transported areas. The section begins by discussing a 

dusty day (March 30, 2007) when CALIPSO passed over both the Taklamakan Desert 

and the Gobi Desert, as shown in Figure 4.4. Then it presents the results for mid-range 

transport cases (March 30, 31, and April  1, 2007) over South Korea and Japan and finally, 

it examines the cases of long-range transport dust (May 9, 10, 12, 13, and 15, 2007). 

 

 
 

 

Figure 4.4 CALIPSO orbits for selected days discussed in section 4.3. Dotted lines are for 

the dust cases in the source area, double-dotted lines for the mid-range transport cases, 

and solid lines for long-range transport. 

 

4.3.1 Characterization of Asian Dust in the Taklamakan and Gobi Deserts 

4.3.1.1 The March 30 Case (daytime) 

Figure 4.5 shows the true color MODIS image augmented by the meteorological 

observations of present weather types (dust storm, blowing dust, and floating dust) 

(Figure 4.5a) and coincident retrievals of Aerosol Index from OMI-Aura (Figure 4.5b). 

May 9 May 10 May 12 May 13 May 15 

Mar 30 Mar 31 Apr 1 Apr 2 
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Figure 4.5 Integrated analyses of Asian dust events on March 30, 2007: (a) MODIS-Terra 

and ground observations of present weather, and (b) MODIS-Terra and  OMI-AI. 

CALIPSO tracks are shown by yellow lines.  
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Meteorological observations on this day clearly show the presence of dust events 

in both the Taklamakan and the Gobi regions, especially strong dust storms in the Gobi. 

High values of Aerosol Index (AI) confirm that there was a heavy loading of dust in the 

atmosphere on that particular day. It was suggested that AI >0.7 serves as a good 

indicator of the presence of dust (Prospero et al., 2002). Clearly, AI is much higher than 

0.7 in the region of interest. 

Figure 4.6 presents the spatial distribution and some properties of dust determined 

from CALIPSO over the Taklamakan on March 30. The profile of the attenuated 

backscatter coefficient at 532 nm is shown in Figure 4.6(a). An enhanced backscattering 

signal is clearly detected. Figure 4.6(b) shows CALIPSO vertical feature mask (VFM) of 

version 2 (right) and 3.01 (left), and Figure 4.6(c) demonstrates the aerosol types of 

version 3.01. Examining the VFM and aerosol subtype in Figure 4.6(c), one can notice 

that CALIPSO does identify dust but in some instances aerosol (dust) is misclassified as 

clouds. The deep blue AOD (Figure 4.6(d)) and true color image from MODIS-Aqua 

(Figure 4.6(f)), and Aerosol Index (AI) (Figure 4.6(e)) confirm that there was a heavy 

dust loading. The case of the daytime orbit on March 30, 2007 over the Taklamakan 

Desert shows a good example of the misclassification of dust aerosols as clouds due to 

the similarity of scattering properties between the dense dust layers and the optically thin 

clouds.   
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(a)                Version 3.01                                                    Version 2         

 

 

 

 

 

 

 

(b) 2=cloud, 3 (Orange) = aerosol 

 

 

 

 

 

 

 

 

 

(c) 2 (Yellow) = dust    (d) 

 

 

 

                 

 

 

 

 

(e)       (f) 

 

 

 

 

 

 

Figure 4.6 (a) Attenuated backscatter coefficient at 532 nm from CALIPSO, (b) vertical 

feature mask from versions 2 (right) and 3.01 (left) in CALIPSO, (c) aerosol subtype 

from version 3.01 in CALIPSO, (d) deep blue AOD from MODIS-Aqua, (e) Reflectivity 

(dBz) from CloudSat with surface albedo (black line) from MERRA Model and Aerosol 

Index (red line) from OMI-Aura, and (f) True color image from MODIS-Aqua with the 

orbit of CALIPSO (red dotted line) over the Taklamakan Desert on March 30, 2007. 
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The dust properties over the Taklamakan were further analyzed using the layer-

integrated volume linear depolarization ratio dv,layer, the layer integrated particulate linear 

depolarization ratio dp,layer, aerosol-layer optical depth, and the layer integrated particulate 

color ratio retrieved from CALIPSO. The results of this analysis are shown in Figure 4.7. 

The vertical structure of aerosol layers is shown as a function of the latitude (about sea-

surface level) along the CALIPSO orbit segment. The color of each identified layer 

shows the range of values of (a) dv,layer and (b) dp,layer, shown at the right side of figure. 

Numbers in different colors give values of dv,layer (in red), dp,layer (in blue), the AOD (in 

black) and the layer integrated particulate color ratio (in violet) for each dust layer. The 

high values of dv,layer in Figure 4.7(a) are indicative of dust. Examining Figure 4.7(a) and 

(b), one can notice that dv,layer and dp,layer change with height as well as horizontally along 

the CALIPSO track. The dp,layer values vary from 0.231 to 0.853, with an average value of 

0.443. This confirms that dust in the Taklamakan is composed of nonspherical particles. 

However, high values of dp, layer in high altitudes up to around 4 km (surface is 1 km) as 

well as in low altitudes are found. The difference in the values between dv, layer and dp, layer 

might be due to the mass concentration of dust particles because the value of dv, layer 

depends on both the nonsphericity of dust and the amount of dust. The gray shaded bars 

in Figure 4.7(b) denote the negative values of dp,layer. The large number of gray shaded 

bars indicates that problems still remain in dp,layer in the level 2 version 3.01 CALIOP data 

under heavy dust conditions. The ŭv,layer ranges from 0.172 to 0.582, with an average 

value of 0.285. In Figure 4.7(a), dv, layer has very high values near the surface (higher than 

0.35) and lower values above 2 km. This fact suggests that it is likely that coarse dust 

particles are not well mixed vertically.   
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(a) Blue: ŭp, Red: ŭv, Black: AOD, Violet: ɢp 

 

 

 

 

 

 

(b) Blue: ŭp, Red: ŭv, Black: AOD, Violet: ɢp           

 

 

 

 

 

 

 

(c) Black solid line: CALIPSO version 3.01, blue dotted line: MODIS-Aqua 

 
 

 

Figure 4.7 (a) Distribution of layer-integrated volume depolarization ratio, and (b) 

distribution of layer-integrated particulate depolarization ratio from CALIPSO over the 

Taklamakan Desert on March 30, 2007. 
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The ɢp,layer varies from 0.427 to 2.361, with a relatively high average value of 0.917, 

indicating that coarse dust particles are dominant in the Taklamakan Desert. As seen in 

Figure 4.7(b), ɢp,layer also shows high vertical variation, having high values near the 

surface (1.278) and lower values above 3 km.  These vertical variations in dv, layer and ɢp, 

layer indicate that the lidar ratio Sa must also vary, and the CALIPSO retrievals, which 

assume that Sa is constant for desert dust, may be biased. The AOD ranges from 0.006 to 

2.666, with an average value of 0.869 (Figure 4.7(b)). Figure 4.7(c) shows the CALIPSO 

total aerosol optical depth from version 2 and version 3.01, i.e., the sum of aerosol optical 

depth of individual vertical layers over a given CALPSO footprint and the MODIS deep 

blue from MODIS-Aqua. The aerosol optical depth from CALIPSO version 3.01 is in the 

range from 0.427 to 2.361, while those values of CALIPSO version 2 are unrealistically 

low. The MODIS deep blue AOD from MODIS-Aqua is up to around 2.4. The AOD 

values in version 3.01 seem to be improved from the unrealistically low AOD in version 

2. However, the large difference in AOD values (up to2) between CALIPSO version 3.01 

and MODIS-Aqua indicates that the aerosol lidar ratio Sa selected for the CALIPSO 

algorithm could be inadequate. 

The results of analyses of dust over the Gobi are presented in Figure 4.8, which is 

organized similarly to Figure 4.6 to facilitate comparison. There were strong dust storms 

on March 30, 2007 in this region demonstrated by meteorological data and high AI 

values (see Figures 4.8(e)). The CALIPSO lidar measures strong backscattering signal 

(see the image in Figure 4.8(a)). However, again the vertical feature mask wrongly 

classifies dust as a cloud (see blue area between 41
0
 and 47

0
). This feature is confirmed 

by the image of CloudSat shown in Figure 4.8(e). 
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(a)                Version 3.01                                                    Version 2         
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Figure 4.8 Same as Figure 4.6, except for the Gobi Desert on March 30, 2007. 
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Thus, our analyses reveal a consistent problem in the CALIPSO algorithms in 

discriminating dust from clouds which will need to be addressed to improve 

characterization of dust in the source regions.  

Figure 4.9 shows that dv, layer has very high values near the surface (higher than 

0.35) and lower values at 3-4 km. However, dp, layer shows an even distribution of high 

values at 3-4 km in Figure 4.9(b). This is similar to the dv, layer and dp, layer behavior 

discussed above in the Taklamakan case. This fact might suggest that the coarse dust 

particles are well mixed vertically and the nonsphericity effect is similar between 

Taklamakan dust and Gobi dust. The vertical distribution of the layer integrated 

particulate color ratio, varying from 0.454 to 4.802, supports that the coarse particles are 

in high altitude. The distribution of AOD over the Gobi Desert shows a similar pattern 

with the AOD over the Taklamakan Desert, varying from 0.032 to 2.496. Figure 4.9(c) 

shows good agreement between CALIPSO version 3 AOD the MODIS Deep Blue AOD, 

although the high variation of CALIPSO AOD retrieved with the version 3 algorithm 

seems unrealistic.  
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(a) Blue: ŭp, Red: ŭv, Black: AOD, Violet: ɢp 

 

 

 

 

 

 

(b) Blue: ŭp, Red: ŭv, Black: AOD, Violet: ɢp           

 

 

 

 

 

 

 

(c) Black solid line: CALIPSO version 3.01, blue dotted line: MODIS-Aqua 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Same as Figure 4.7, except for the Gobi Desert on March 30, 2007. 



79 

 

4.3.1.2 The May 7 Case (nighttime) 

Figures 4.10 show the results of analysis for the dust case in the Taklamakan 

Desert on May 7, 2007. There are no true color images from MODIS and OMI AI 

because two figures are the results from nighttime CALIPSO data. Figure 4.10 shows that 

there was a dust event over the Taklamakan Desert on that night. The total backscattering 

coefficient in Figure 4.10(a) shows high values over the desert, and the VFM in Figure 

4.10(b) indentifies that both dust and clouds were present over the Taklamakan. The 

cloud detected at a higher altitude of about 4.5-6 km between 40.5°-41° is likely a 

misclassified dust. Figure 4.10(d) supports this fact that there were no cloud signals 

between 41°-41.5° from the CloudSat data. 

 

(a)              (b) 2=cloud, 3 (Orange) = aerosol 

                                                                  

 

 

 

 

 

 

 

 

(c) 2 (Yellow) = dust, 5 (Brown) = polluted dust  (d)   

 

 

 

                 

 

 

 

 

 

Figure 4.10 (a) Attenuated backscatter coefficient at 532 nm, (b) vertical feature mask 

from version 3.01, (c) aerosol subtype from version 3.01 from CALIPSO, and (d) 

Reflectivity (dBz) from CloudSat over the Taklamakan Desert on May 7, 2007. 



80 

 

Figure 4.11 shows that the dust layer spreads from the surface to ~5 km. Unlike 

the case of March 30, values of dv, layer are relatively low. This might be explained by the 

lower concentrations of dust during floating dust events compared to dust storms. 

Another possible explanation is that dust particle nonsphericity differs depending on the 

intensity of dust emissions. However, high values dp, layer in Figure 4.11(b) indicate that 

dust in the Taklamakan Desert is composed of nonspherical particles.   

Interestingly, the results of the dust particulate depolarization ratio over the 

sources might be explained by dust particle nonsphericity that remains during vertical 

mixing within the boundary layer, but values of dv,layer depend on the dust concentration. 

CALIPSO observations do not show clear relations between AOD and dv, layer.  

To summarize CALIPSO observations over the dust sources, Table 4.1 compares 

the dust optical properties over the Taklamakan and the Gobi. Examining Table 4.1, dv,layer 

varies from 0.042 to 0.582, and dp,layer distributes from 0.088 to 2.957, with a high average 

value above 0.364 in the Taklamakan Desert. The ɢp,layer varies from 0.098 to 2.361, with 

a relatively high average value above 0.9. The Gobi Desert also has a high value of ɢp,layer 

up to 3.75 and dp,layer, with a high average value above 0.3. The high values of dp,layer, 

might suggest that the nonsphericity effect is similar between Taklamakan dust and Gobi 

dust. Dust layers are detected at high altitudes of 9-10 km in the Gobi and Taklamakan 

Deserts. This fact might provide some insight that these layers lofted to the upper 

troposphere around 8-10 km can travel around the globe (Uno et al. (2009)). In order to 

investigate the relationship between vertical distribution and synoptic meteorological 

conditions, we will investigate the synoptic meteorological conditions in the next section. 
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(a) Blue: ŭp, Red: ŭv, Black: AOD, Violet: ɢp 

 

 

 

 

 

 

(b) Blue: ŭp, Red: ŭv, Black: AOD, Violet: ɢp           

 

 

 

 

 

 

 

(c) Black solid line: CALIPSO version 3.01 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 Same as Figure 4.7, except for the Taklamakan Desert on May 7, 2007. 
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Table 4.1 Comparative summary of dust properties retrieved from CALIPSO over dust 

source regions for the spring season. 

Date 

Taklamakan Desert 

3/29/2007 

(nighttime) 

3/30/2007 

(daytime) 

4/1/2007 

(daytime) 

5/7/2007 

(nighttime) 

5/9/2007 

(nighttime) 

Location 

(degree) 
35.45N, 83.14E- 

40.03N, 84.52E 

37.09N, 85.33E- 

42.03N, 83.78E 

38.13N,88.11E- 

42.62N,86.67E 

37.0N,82.06E- 

41.6N,83.5E 

37.5N,85.3E- 

42.44N,86.87E 

Synoptic 

Condition 
Blowing Dust Dust Storm Blowing Dust Floating Dust Dust Storm 

Vertical 

extent (km) 
1.197-9.097 0.958-4.915 0.928-6.474 1.018-7.853 0.898-9.696 

dv,layer 

(average) 

0.069-0.299 

(0.151) 

0.172-0.582 

(0.285) 

0.184-0.621 

(0.299) 

0.042-0.440 

(0.167) 

0.05-0.448 

(0.184) 

dp,layer 

(average) 

0.111-2.957 

(0.472) 

0.231-0.853 

(0.443) 

0.309-1.502 

(0.524) 

0.088-1.264 

(0.364) 

0.194-1.557 

(0.461) 

ɢp,layer 

(average) 

0.098-1.662 

(0.996) 

0.427-2.361 

(0.917) 

0.420-2.071 

(1.097) 

0.466-2.246 

(0.786) 

0.352-2.097 

(0.920) 

Aerosol 

optical depth 
0.020-0.772 

(0.193) 

0.068-1.597 

(0.470) 

0.033-1.654 

(0.354) 

0.006-0.613 

(0.267) 

0.011-1.547 

(0.157) 

 

Date 

Gobi Desert 

3/29/2007 

(nighttime) 

3/30/2007 

(daytime) 

4/1/2007 

(daytime) 

3/19/2010 

(nighttime) 

Location 

(degree) 
36.77N,108.2E- 

41.08N, 109.6E 

37.6N,109.9E- 

39.69N, 109.26E 

36.14N,113.42E- 

40.19N,112.19E 

27.6N, 102.7E- 

44.5N, 107.7E 

Synoptic 

Condition 
Floating Dust Dust Storm Floating Dust Dust Storm 

Vertical 

extent (km) 
1.287-8.497 1.137-6.264 0.898-5.934 0.532-11.414 

dv,layer 

(average) 

0.070-0.280 

(0.144) 

0.143-0.478 

(0.238) 

0.111-0.471 

(0.205) 

0.025-0.490 

(0.128) 

dp,layer 

(average) 

0.146-0.650 

(0.311) 

0.178-1.226 

(0.385) 

0.106-0.709 

(0.339) 

0.038-4.734 

(0.390) 

ɢp,layer 

(average) 

0.415-2.359 

(0.888) 

0.454-2.818 

(1.036) 

0.425-2.975 

(1.157) 

0.167-3.750 

(0.982) 

Aerosol 

optical depth 
0.007-0.720 

(0.262) 

0.036-2.779 

(0.569) 

0.053-2.665 

(0.511) 

0.006-4.574 

(0.586) 

- dv,layer : The layer integrated volume depolarization ratio 

- dp,layer : The layer integrated particulate depolarization ratio 

- ɢp,layer: The layer integrated particulate color ratio 
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4.3.1.3 Synoptic Meteorological Conditions of Asian Dust Events 

Understanding the meteorological conditions associated with dust in the sources 

and during the transport aids in the interpretation of vertical profiles measured by 

CALIOP. Emission of dust aerosol in the arid and semi-arid regions (e.g., the 

Taklamakan and Gobi Deserts) occur in the condition of wind speed above 10 m/s. 

Transport of dust is associated with the westerly jet streams that carry dust over China, 

Korea, and Japan, and sometimes across the Pacific Ocean reaching North America 

(Huang et al., 2008, Uno et al., 2010). Huang et al. (2008) suggested that floating dust 

events are more common in the Taklamakan Desert, while strong dust storms prevail in 

the Gobi Desert due to the different weather conditions influencing these two desert 

regions. 

 

(a)                                                         (b) 

     

                              

                 

Figure 4.12 (a) 100 mb Vector wind (m/s) composite mean and (b) Sea level pressure 

(mb) composite mean over Asia on March 30, 2007, produced with the NOAA ESRL 

(Earth System Research System). 

 

The dust events in the Taklamakan Desert are thought to be generated by 

mesoscale cold winds induced by synoptic-scale cold high-pressure systems. The cold air 
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moves into the Taklamakan basin causing the instability of hot desert air. This leads to 

the formation of strong surface winds, often exceeding 10 m/s, and dust emission. Figure 

4.12(a) shows the wind vector composite mean at 1000 hPa on March 30, 2007. These 

strong winds caused both blowing and floating dust episodes in the Taklamakan Desert. 

Similar wind pattern occurred in the Taklamakan Desert on May 7, 2007 as shown in 

Figure 4.13. In this case, floating dust present weather was reported. D. Liu et al. (2008) 

reported that the mean top height of dust layer in spring is the highest over the 

Taklimakan and Gobi deserts and suggested that these two major dust sources are related 

to long-range transport in the spring season.  

 

(a)                                                        (b) 

   

                              

                

 

 

 

 

 

Figure 4.13 Same as Figure 4.12, but for May 7, 2007. 

 

The emission of dust in the Gobi is associated with the development of the 

synoptic-scale cyclones. As shown in Figure 4.12(b), on March 30, 2007, the synoptic-

scale cyclone was positioned over the Gobi Desert, causing dust storms in the region. 

Dust events originating in the Gobi can be transported at various distances, including 

mid- and long-range transport. The transport route depends on specific meteorological 

conditions and lifting height. For instance, the Gobi dust can be uplifted to the upper 
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troposphere when the Gobi desert is located below downstream of a trough (Tsai et al., 

2008). The lift height can be as large as 8ï9 km. The CALIPSO data show that in this 

case dust can be transported over the Pacific Ocean in the lower and upper troposphere 

by the westerly jet stream. In the case of the Taklamakan, high initial uplifting is required 

because the desert is surrounded by mountains of about 5 km high to the north, west, and 

south (Huang et al., 2009). 

 

4.3.2 Analyses of Transported Asian Dust 

4.3.2.1 Case of a Mid -range Transport 

Figure 4.1 shows CALIPSO orbits for a mid-range transport case that will be 

presented here. The dust event started on March 30 and then passed over northeast China, 

South Korea, and Japan. Figure 4.14 shows the backward and forward trajectories for this 

event reconstructed with the NOAA HYSPLIT model.  

 

 

 

 

 

  

     

 

 

Figure 4.14 Backward and forward trajectories started at UTC 04:00 on April 1, 2007, at 

a location 37.979ɉN and 137.59ɉE and for an altitude of 2000 and 2500 meters, produced 

with the NOAA HYSPLIT model. 
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Combining trajectories and CALIPSO VFM, we reconstructed the mid-range 

transport of this dust event. Figure 4.15 presents the reconstructed mid-range transported 

plume, showing the presence of dust layer (in brown) in each CALIPSO pass. Here we 

will use the term ómid-range transport of Asian dustô to refer to transport cases to Japan 

or the eastern Japan. 

 

 
 

Figure 4.15 Reconstructed mid-range transport of an Asian dust event originating in the 

Gobi Desert on March 30, 2007 and transported to the Pacific Oceans. The brown color 

denotes dust plumes and light blue denotes clouds. 
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Examination of the aerosol profiles shown in Figure 4.15 reveals that the vertical 

structure of Asian dust plumes changes during transport. These changes are important to 

the dust radiative heating rates and thus to dust impact on clouds and atmospheric 

dynamics. It is also apparent that dust layers are mixed with clouds. CALIPSO can detect 

dust under the optically thin clouds, but no detection will be possible under the heavy 

clouds. 

Figures 4.16, 4.19, and 4.22 show meteorological conditions and AI over the 

study regions on March 31, April 1, and April 2, respectively. Unfortunately, there were 

no AIs retrieved from OMI on April 1 (Figure 4.19(b)). The results of CALIPSO data 

analyses for these days are shown in Figures 4.17, 4.18, 4.20, 4.21, 4.23 and 4.24. Again 

these figures are organized similar to Figures 4.5-4.9 and 4.16-4.24 to facilitate 

intercomparison. The gray shaded bars in Figure 4.18(b), 4.21(b), and 4.24(b) denote the 

negative values of dp,layer. The large number of gray shaded bars indicates that problems 

still remain in dp,layer in the level 2 version 3.01 CALIOP  under mixed conditions of dust 

and clouds. CALIPSO data were also compared against both ground-based lidars and 

AERONET sites located in China, South Korea, and Japan (shown in Figure 4.2). Figure 

4.25 shows the aerosol optical depth from AERONET. Figure 4.26 shows ground-based 

lidar backscatter and depolarization ratio at selected locations as a function of time. Time 

corresponding to the CALIPSO overpasses is shown with black vertical lines. 

The summary of representative properties of transported Asian dust is given in 

Table 4.2, which may be compared to results in Table 4.1. Various differences as well as 

some similarities in properties of Asian dust in the source regions and downwind are 

clearly seen.  
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(a) 

 
(b) 

 
 

Figure 4.16 Same as Figure 4.5, except for March 31, 2007. 
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(a)                Version 3.01                                                    Version 2         

 

 

 

 

 

 

 

(b) 2=cloud, 3 (Orange) = aerosol 

 

 

 

 

 

 

 

 

 

(c) 2 (Yellow) = dust    (d) 

 

 

 

                 

 

 

 

 

(e)       (f) 

 

 

 

 

 

 

 

Figure 4.17 Same as Figure 4.6, except for the East China on March 31, 2007. 
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. (a) Blue: ŭp, Red: ŭv, Black: AOD, Violet: ɢp 

 

 

 

 

 

 

(b) Blue: ŭp, Red: ŭv, Black: AOD, Violet: ɢp           

 

 

 

 

 

 

 

(c) Black: AOD CALIPSO, blue: Deep Blue AOD, Red: AOD MODIS-Aqua 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 Same as Figure 4.7, except for the East China on March 31, 2007. 
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(a) 

 
(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19 Same as Figure 4.5, except for April  1, 2007. 
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(a)                Version 3.01                                                    Version 2         

 

 

 

 

 

 

 

(b) 2=cloud, 3 (Orange) = aerosol 

 

 

 

 

 

 

 

 

 

(c) 2 (Yellow) = dust    (d) 

 

 

 

                 

 

 

 

 

(e)       (f) 

 

 

 

 

 

 

 

Figure 4.20 Same as Figure 4.6, except for Japan on April 1, 2007. 
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 (a) Blue: ŭp, Red: ŭv, Black: AOD, Violet: ɢp 

 

 

 

 

 

 

(b) Blue: ŭp, Red: ŭv, Black: AOD, Violet: ɢp           

 

 

 

 

 

 

 

(c) Black: AOD CALIPSO, blue: Deep Blue AOD, Red: AOD MODIS-Aqua 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21 Same as Figure 4.7, except for Japan on April 1, 2007. 
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Figure 4.22 Same as Figure 4.5, except for April  2, 2007. 
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(a)                Version 3.01                                                    Version 2         

 

 

 

 

 

 

 

(b) 2=cloud, 3 (Orange) = aerosol 

 

 

 

 

 

 

 

 

 

(c) 2 (Yellow) = dust    (d) 

 

 

 

                 

 

 

 

 

(e)       (f) 

 

 

 

 

 

 

 

Figure 4.23 Same as Figure 4.6, except for the western Pacific Ocean on April 2, 2007. 
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. (a) Blue: ŭp, Red: ŭv, Black: AOD, Violet: ɢp 

 

 

 

 

 

 

(b) Blue: ŭp, Red: ŭv, Black: AOD, Violet: ɢp           

 

 

 

 

 

 

 

(c) Black: AOD CALIPSO, blue: Deep Blue AOD, Red: AOD MODIS-Aqua 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.24 Same as Figure 4.7, except for the western Pacific Ocean on April 2, 2007. 
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(a) Dalanzadgad (longitude:104.42ô, latitude: 43.58ô) 

 
(b) XiangHe (longitude: 116.96ô, latitude: 39.75ô) 

  
(c) Gwangju (longitude: 126.84ô, latitude: 35.23ô) 

 
(d) Shirahama (longitude: 135.36ô, latitude: 33.69ô) 

 
 

Figure 4.25 Aerosol optical depth from AERONET over (a) Dalanzadgad and  (b) 

XiangHe in China, (c) Gwangju  in Korea, and (d) Shirahama in Japan for spring 2007.   
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(a)       (b) 

  
(c)       (d) 

  

 

Figure 4.26 Backscattered signal and depolarization ratio at 532 nm over (a) Seoul and 

(b) Suwon in Korea, over Toyama (c) and Tsukuba (d) in Japan distributed by National 

Institute for Environmental Studies (NIES) Lidar network (http://www-lidar.nies.go.jp/). 
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