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SUMMARY

Atmosphericmineral aerosol (odus) plays an important role in thEarthd s
system.However, quantification of dust impacts has long been associated with large
uncertainties because of the complex nature of mineral aefobetter understanding of
the properties and spatiotemporal distribution of atmosphericatughe regional and
global scalesis neededo improve predictionsof the impact thatdust radiative forcing
and heating/cooling ratésmveon the weather andlimate. The ClougAerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPS@ission provides unique
measurements ofertical 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 tipeoperties ancdeffecs of aerosol and
clouds

This dissertatiorpresents the results of a comprehensive analysis of CALIPSO
lidar (version 2 and version 3.0#lata in conjunction with ATrain satellite and grourd
based observations aimed at characterimingeral aerosoin East Asia and other major
dug sources.The specific objectivesvere tocharacterize the spatial distribution and
properties of atmospheric dust in the dust source regions using new CAL4@GHoN
3.01) data in conjunction witlsatellite MODIS, OMI, and CloudSat dagad ground
basedmeteorological and lidar datanvestigate changes in the vertical distribution and
properties of dust during ik and longrange transportperform a modeling of the
optical properties of nonspherical dust particlasd assesghe radiative forcing and

heating/cooling rates of atmospheric dust gBrforming radiative transfer modeling

XXII



constrained by satellite data in major dust source regions.

Ourresearchrevedled significant biases in CALIPSO version 2 data, especially in
the presence of dense dustirpesand dustloud 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 andoubls and more accurate retrievals of the aerosol
extinction profiles and AOD.

Dusteventsobserved by CALIPSGn thewo r | d 6 dustsoargeoegionand
downwind were analyzed on a cdsgcase basisn the springsfrom 20072010. The
main focus was omlust sources in East Asia and contrasting the regional features of
Asian dustto those of dustsn Central Asia, IndiaArabian PeninsulaAustralia, USA,
and Northern AfricaSome important similarities between regional dusts were fotlrel

particulate(aeroso) linear depolarization ratidif) exhibit high valuegup to 03-0.35) in

all dust source regions and many instanceslownwind. This finding shows the
importance of dust nonsphericityot only for fresh emitted particles but also for aged
ones, stressing theneed to account for dust nonsphericity in the models and passive
remote sensing.The parti cul g teeds todedreasewithr haightinodusf G
plumes inthe sourceegions.This is most likely due tovertically 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 aerosaadgharacteristics used in

lidar remote sensingg.g., lidar ratio, particulate depolarization, single scattering albedo)

XX



Optical modeling was performed by mergittge T-matrix method and thémproved
Geometric Optics Method@OM) enablingus to accountfor fine and coarse patrticles.
Constrained by recent microphysical dataydelingresultsshow that representinglust
particlesby a mixture ospheroids can reproduce some CALIP&@ grounebased lidar
observations We found that U, at the 532 nm lidar wavelength hagselatively low
sensitivity to particlesize distributiom. In contrast, the lidar rati&, varies in a wide
range This finding questions the applicability of a fixé® value adopted in the
CALIPSO algorithm.

Radiative tansfer modelingvith CALIPSO dustvertical profilesrepresentative
of different regions was performed to assess the radiative forcing and heating rates. We
founda positive forcingof dust at the top ahe atmosphere (TOA) ovall dustsources
at high Sun angle. However, aegative forcingwas foundfor low Sun anglewith the
exception of dust source regions with high {0.35) surface albedo (e.g., Northern
Africa). In the transported areasye vertical distribution of aerosol and clouds and their
optical properties arghe major controlling factorswith the predominantly positive

radiative forcing of dust above clouds.
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CHAPTER 1

INTRODUCTION

Diverse regions around the world are prodigious sounEanineral aerosol (or
dust) Lifted into the atmgshere by windsmineral aerosagblays an important role in the
Earthodés <c¢climate system (Sokoli k etustal . ,
particles can scatter and absorb shortwave and longwave radietican cause either a
positive or a negate radiative forcing, leading to a warming or cooling of the climate
system (Sokolik et al., 200T,akemura et al., 2002tto et al., 2007, IPCC, 2007h
addition, the radiative heating/cooling occurring in the dust layer affieetatmospheric
tempeature profile and thus aiand thermedynamics 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. Karyaanpludi
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 e@ane. On
the mesoscaledust 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 tery petdictions 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 observatioine effect of desert aerosols on

heating rates are scarce



Passive satellite sensors (such as MODIS (Moderate Resolution Imaging
Spectroradiometer), MISR (Muleingle Imaging SpectroRadiometer), and OMI (Ozone
Monitoring Instrument)) have helped to strain the direct radiative forcing of aerosols
at the top of the atmosphere (Yu et al., 2005). Howdhese sensorare of limited use
both for constraining the profile of radiative heating/cooling rates in the aerosol or cloud
layers and for detectingust over the arid and sefaiid regionswhere the surface
reflectance is very highThe CloudAerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) satellite, launched 28 April 2006, provides a new capability
for studying aerosol and alids. A key component of CALIPSO is a twavelength,

polarization sensitive backscattéidar called CALIOP (CloudAerosol Lidar with

Orthogonal Pol arization). The gl obal exten

cloud measurementguring day and nighttime over heterogeneous bright surfades
the potential toprovideew 1 nsi ghts into the roles of
climate system.Knowledge of the aerosol vertical profile is particlyammportant
because aerosol rdsince time, and thus radiative impact, increase significantly when
aerosol is lofted highabove the boundary.The vertical distribution of dusaerosols
determineghe indirect effect of dust on cloud microsphysacsl controlsthe radiative
forcing and heating/cooling rates of dust

To date, a number of published pepbave used CALIPSO daita dustrelated
studiesFor example Huang et al. (2007) analyzeah Asian dustepisodethat was
transported over the Tibetian Platesuthe summer of 2006Several studies used
CALIPSO data to characterizée longrange transport of dugiZ. Liu et al, 2008,

Generoso et gl2008, Huang et 312008, Uno et al.2009, and Badarinath et a2010).
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Z. Liu et al (2008) and Generoso et al. (2008) analyzedptiopertiesof Saharan dust,
while Huang et al. (2008) and Uno et al. (2009) examined Asian episodes
Badarinath et al. (2010) investigated the lwagge transport of dust over the Arabian
Sea and India region. Aeightresolved global distributioof dust aerosols from the first
year of CALIPSO observations (June 20d@éy 2007) was investigated by D. Liu et al.
(2008). They reported that the mean top heigldustlayersin spring is the highest over
the Taklimakan and Gobi deserts and suggestadthiese two major dust sources are
related to longange transport in the spring seasbor 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-lkaou radative 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 avthe top of the
atmospheréTOA) and- 41.9 W/nf at the surdce.

Collectively, past studies demonstrated the capability of CALIPSO lidar ,data
although theyconsideredonly limited cases of short duratiaust episodes insolated
regiors. More importantly, hey all usethe version 2 datathe very first CALIPSO
productthat has beetacking a comprehensive evaluatiaand validationRecently,our
studyand othes demonstrated significant biases in CALIP8&sion 2data, especially
in dustladen conditions(Z. Liu et al., 2009, Chen et al., 2010)he majo problems
include erroneouslassificationof dust layers as clouds and misclassification of aerosol
types (se2 Chapter 2) For instanceChen et al. (2010femonstratedhat CALIPSO
misclassifiedabout 436 of dense dust laye@s cloud over the Taklamadn Desertin

June 2010, aewrevisedversion 3.01of CALIPSO datavas released which potentially



has higler quality productsand in additionincludes several new aerosol produg¢sich
asparticulate depolarization and color ra)ithat wee notpart of the previousersion 2
data.Thesenew productsare of special interest for dust studigsen thatdust particle
nonsphericityis readilydetected by the particulate dé@azation and the color ratio is
sensitive to coarse particleBasel on some test resultZ, Liu et al. (2010) showed
significant improvements in the discrimination of dense aerosol layéne new version
3.01 datacompared to version. However, pior to using he new CALIOP data, it is
critical to comprehensively exine the performance of improved and new aerosol
products in the presence of dust and clodd& main focus of research presented in this
dissertation was to conduct andepth, comprehensive analysis of all available (2006
2010) CALIPSO productsocusng on East Asia andthe w o r 9 othér major dust
sourcesThe goalwasto determineboth strengthsand weaknessed CALIPSO data and
then use them for characterizing regspecific propertiesspatiotemporal distributign
and radiative impastof mineral aerosol.

To begin with the analysis of dust, \iiest examine in detail a procedure for
retrieving aerosol properties from the CALIPSO level 1B detatrasting retrievals of
version 2 andrersion 3.01 data in dutiden conditions. This ark helpsto confirm the
reliability of the latest level 2 version 3.01 dada well ago identify the major sources
of errors.One of the critical issues in the CALIOP aerosol retrieval algorithm is an
assumptioraboutsomeaerosol optical characterissi(such asscattering phase function
andlidar ratio S;). Many studieqe.g.,Kalashnikova et al., 200®ubovik et al, 2006,
Mishchenko et al 2003 modeled the dust optical characteristics for passive remote

sensing, but only a few studiesodeledthe optical properties needed for lidar remote



sensing iegner et al., 2009 Yang et al.,, 2007 Despite the recent progress in
computational optical modelingalculationof the dust optical propertiestill remains a
challenging problem. The main problerasise from the complex nature of mineral
aerosolhat exhibits a wide variety of morphologies, composition and $emzierl et

al., 2009, Mishchenko et al., 2007, Sokolik et al., 208h added complication is the
high variability of dust propertiesebwveen different dust sourcelie toaging (i.e.,
physical and chemical changes of dust partidi@sng the transport in the atmosphere
To aid in the retrievals and the interpretation of CALIOP dataperformed extensive
optical simulations to exaine the extent to which thegariation of microphysical
properties of dust particles affect the optical characteristics used in lidar remote .sensing
Our research goes beyond the previous optical modeling studiesdyporating recent
data on particle stpes, composition and size distributiofs.cover a wide range of dust
particle sizes, two optical methodgthe T-matrix method and the improved geometric
optics method (IGOM) were merged in a unified cod&/e also computed the optical
characteristics ohonspherical dugparticlesrequired for radiative forcing and heating
rates calculationand used them along with CALIPSO data to assess the regional
radiative impact of mineral aerosol.

Overall, he main goal of this study is to improtke understandig of the
properties andspatiotemporal distribution of mineral aerosol @ndassessassociated
radiative impacts in regiespecific dust sources and downwind by leveraging the new
CALIPSO data To achieve this goal, the specific objectives are as folloWs:
characterize the spatial distribution and properties of atmospheric dust in the dust source

regions using new CALIOP data in conjunction withTAain satellite multisensor



observations (MODIS, OMI, and CloudSat) and grebaded meteorological and did
data; 2) investigate changes in the vertical distribution and properties of mineral dust
during mid and longrange transport; 3) perform a modeling of the optical properties of
nonspherical dust particles to aid in the retrievals and in the interpretd#t CALIOP
data; and 4assesshe radiative forcing and heating/cooling rates of atmospheric dust by
performing radiative transfer modeling constrained by satelliteidateajor dust source
regions

The organization of the thesis is shown in Figuré. Chapter 2examines a
procedure for retrieving dust properties from the CALIPSO level 1B data and the
performance of CALIPSO in dusden conditions in order to verify the reliability of
using the latest level 2 version 3.01 data. To achieve the g®@akxaminedthe
spatiotemporal characteristics of CALIPSO and the procedure of @Rlderosol
retrievab. Based on the understanding of the aerosol retrieval procedure, this study
investigates the problems of previous version 2 products and comparesuhs oé
version 2 products with those of new version 3.01 products inlallest conditions,
especially in dustloud mixed scenes. Finally, this studyscusseshe improvement of
version 3.01 data and the added parameters of version 3.01 used undis st

Chapter 3 describes tlievelopment of a technique for performing computations
of dust optical characteristics used in lidar remote sensing and radiative transfer
modeling. This technique merges two different approactiesT-matrix and IGOM
(Improved Geometric Optics Methgto provide an improved capability to represent the
broad range of sizes and composition of nonspherical dust particles in optical modeling.

Using the new techniqueve performed an irdepth modeling analysis diie particulate



depolarization ratio(l,) and lidar ratio &) at 532 nmused in CALIOP retrievals
considering representative dust microphysical data. We also edodle¢ optical
characteristics needed for radiative transfer calculations such as extinction coefficient,
single scattering albedor(), andasymmetry parametdg). This study focuses on how
dust microphysical propertie¢size, composition, and morphology) and their variations
during the dust lifecycle in the atmosphertfect thelidar aerosol observations and
retrievals.

Chapter 4presentsthe comprehensivecharacterizationof Asian dust events
during the springseasonof 200742010 within the dust sourceend downwind areas
through analysis of CALIPSO dathat wasperformed in conjunction with independent
satdlite and grounebased observations. The research included the examination of
vertical distributios of dust aerosol andtheir changesduring the transport. The
CALIPSO aerosol productAQD, particulate depolarizatioratio and color ratiowere
examinedand interpreted in the context of dust physical properties. difapter also
presents the results die radiative forcing anfieating/cooling rates ohsian dustthat
were computedusing amodified version of the SBDARTSanta Barbara DISORT
Atmosphert Radiative Transfergodeand constrained by CALIPSO and other satellite
data.

Chapter 5 presents analyses of dust
regionsbased orthe new version 3.0ICALIPSO data The focus was to identify the
similarities andregionspecific differences in the vertical distribution and properties of
dustin the considered regions (Taklamakan Desert, Gobi Desert, Thar Desert, Central

Asia, Mojave Desert, Australia Desert, Arabian Peninsaha Northern Africa). he



impact ofregional duston the radiative forcing and heating/coolings also examined

For this analysis, we examiwkindividual CALIPSO tracks ineachregion of interest
during the dust 6pring seasons, selemd several representativeases, andthen
performed detaled analyses of CALIPSO datan a casdy-case basisWe also
estimated dust characteristieseraged oveeach source region in ordér facilitate
intercomparisorbetween source regionsinally, we calculate the radiative forcing and
heating/coolng rates of dust irachsource region.

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

research irthe field
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CHAPTER 2
EXAMINATION OF A PRO CEDURE FOR RETRIEVIN G AEROSOL
PROPERTIES FROM THE CALIPSO LIDAR ANDIT S

PERFORMANCE IN DUST-LADEN CONDITIONS

2.1 Introduction

The CALIPSO satellite has beenoviding a new capabilityor studying aerosols
since launched on April 28, 2006. The capabilities of detecting aerosol layers and
examining aerosol optical properties enable one to beptimtify the radiative impact of
aerosas on the atmospherdn particular, radiative heating/cooling rates caused s du
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 versiopWas released idanuary 208 and used
by the researchers in dust studiRecently, 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 partidefaatarization and color
ratio that are of great interest to dust studsefore any study can begin using CALIPSO
data, it is very important to establish confidence in the CALIPSO aerosol products and
identify biases in dudaden conditions.

The goal othis chapter is to examine a procedure for retrieving aerosol properties
from the CALIPSO level 1B data and the performance of CALIPSO in-lddsh

conditions analyzing both the versiora@d version 3.01 data sets. To achitwg goal
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we first exanined the major CALIPSO retrieval algorithms and recent revisions. Based
on an understanding the CALIPSO aerosol retrieval procedure, we then investigate the
problems of previous versionfgoducts and compares the results of versigmo2lucts

with those of new version 3.01 in ddatlen conditions, especialiense dust plumes and
dustcloud mixed scenes. Finallwe discussthe improvement of version 3.01 data and

the added parameters of version 3.01 used in this study.

Section 2.2 briefly descr@s the main componentof CALIPSO and lidar
spatiotemporal resolutionsSection 2.3 shows the procedure of aerosol extinction
retrieval from lidar backscatter measuremengection 2.4 presents the problems of
version 2.01 and the results of a comparisetwben the previous and nelataversions.

Finally, Section 2.5 summarizes and discusses the study.

2.2 Overview of CALIPSO and CALIOP

CALIPSO is a joint NASACNES satellite mission designed to provide
measurements aimed at improving our understanditigeafole of aerosols and clouds in
the climate systemCALIPSO has threenstruments the CloudAerosol Lidar with
Orthogonal Polarization (CALIOP), the Wide Field Camera (WFC), and an Imaging
Infrared Radiometer (lIR), three channels in the infrared aindegion. The CALIOP
the primary instrument on the CALIPSO satel(iinker et al., 2006, 2007is designed
to acquire vertical profiles cdin elastic backscatter at two wavelength®6% nm and
532 nm) from a near naeviewing geometry

The CALIPSOiflies as a part of the Afternoon constellation of satellites (called A

train) which consist of Aqua, CloudSat, CALIPSO, Parasol, and Alllese satellites
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have an afternoon crossing time close to the mean local time de#w satellite, AqQua

(2:30 pm.); thus, the namé&A (short forfiafternoom) Traind. 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
togetier. The CALIPSO satellite was launched to a low earthsuchronous orbit at a
705km 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
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.
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Figure 2.10rbits of CALIPSO over the Takimakan Desert for fourteen days during the

spring of 2007.
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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 altitie 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 betwed®b km and 20 km and 180 m
between 20 km and03km for 5km 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 $évahd 2.The
data products described in detail in @ALIPSO Data Products Catalog ATEBC SCI
503) are archived and distributed by the Atmospheric Science Data Center (ASDC)
http://eosweb.larc.nasa.gov/PRODOCS/calipso/table_calipso.html. [d@test version
3.010of Level 2 aerosol dataasreleased iflune2010. This study useLevel 2 CALIOP

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

Level 1
"""""" Altitude Region ~ Vertical Resolution ~ Horizontal ~ Profiles
""" Base (km)  Top(km)  532nm 1064 nm  Resolution Per 5km
301 400 300m - 5000m 1
20.2 30.1 180 m 180 m 1667 m 3
8.2 20.2 60 m 60m 1000 m 5
-0.5 8.2 30m 60m 333 m 15
-2.0 -0.5 300 m 300 m 333 m 15
Level 2

Altitude Region Vertical Horizontal Profiles
Base (km) Top (km) Resolution Resolution Per 5km
20 30 180m 5000m 15
-0.5 20 60 m 5000 m 15

Vertical Horizontal Profiles
Altitude Region
Resolution Resolution Per 5km
Detected feature No re®lution
5000 m 15
altitude (top / base) (max 8 layers)

14



2.3 Algorithm Outline
2.3.1 CALIOP Level 2 Algorithm
The retrieval of aerosols from CALIPSOevel 1 datais a multistep process,
involving threedifferent algorithmsthe Selective Iterated Boundary Locat&RYL),

Scene Classification AlgorithmsSCA), and Hybrid Extinction Retrieval Algorithms

(HERA).
*532 nm attenuated backscatter coefficients
Level 1B Data Products *532 nm perpendicular attenuated backscatter coefficients
J\} *1064 nm total attenuated backscatter coefficients
Level 2 Algorithms Internal Data Storage Level 2 Data Products
SIBYL Vertical
{Selective Iterated Eoundary Locator) Feature Mask

Averaging Engine

Layer Product

! [ 1-km Cloud

- Layer Product
. T [ 5-kmCloud |

Layer Product

Profile Scanner

{ 1/3kkm Cloud |

|  Composite .
| “| Layer Product |-

SCA

{Scene Classification Algorithms)

5 - km Aerosol N

HERA Layer Product
(Hybrid Extinction Retrieval Algorithms)
Extinction Linear P
Averaging Tterative _)| Preliminary 75 " km Clond )
Engine Solver Profile Product Profile A Profile Product
* Averaging P —
T2 correcred_ Engine w| 5-km Aerosol
Layer properties | Profile Product

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

2.3.11 Selectivel terated Boundary L ocator (SIBYL) Algorithm
The frst stage ofdataprocessingemploys theSIBYL algorithmto detect all of

the features within a giveorbit. In this algorithm, the consecutive profiles tfe
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attenuated backscatter in levetataare averaged over horizontal resolutions of 5, 20,
and 80 km and vertical resolutions ob &m for allaltitude bins. In the averaging engine,
5-km, 20km, and 86km indicate a primarily averaging, amtermediate, and a maximum
horizontal averaging distanceespectively.The averagingf consecutive profiles in an
averaging enginehelps one to improve signato-noise ratios (SNRs)Upon the
completion of theconstruction, the profile scanner, a threshold algorithm, is used to scan
each profile for the presence of aerosol layers, clouds, and surface returrtbe and
algorithm provides information about both thetop andthe base ofthe layers. The
informationabout thetop and basaltitudes the latitude, andhe longitudeare reported

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

Detection and Layer Properiélgorithms)

2.3.12 SceneClassification Algorithms (SCA)

On the basis of the information provided by SYBIL, the SCA determvimesher
the detected region is a feature rt, as shown in Figure 2.3 the region is an
atmospheric feature, the SCkAaenines the elevation of the feature. For the elevated
featurethe lidar ratio is calculated by the transmittagoastraint method (Fernald et al.,
1972, Young, 1995)After this computation, both the elevated and-etevated features
will be determinedas types of clouds or aerosols using five parameters: the mean
attenuated backscatter at 532 nm, the 1064/532-iatggrated attenuated backscatter
ratio, the midlayer altitude, the volume depolarization ratio, and the latitude. This
algorithm, called @ud Aerosol Discrimination (CAD), uses a mudimensional

probability density function (PDF). The range of CAD score, f, from PDFs is fi®®
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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 tl 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 parametelse., observed backscatter strength, the depolarization ratio, and the
International Geospheigiosphere Programme (IGBP) surface typ#se aerosol will be
further classified as stiype features (i.e., clear air, cloud, aerosol, stratospheric layer,
surface, subsurface, totally attenuated, and no/low confidence), which asikserosol
sultyping. The goal of aerosol subtyping algorithm, one of the S€A¢ estimate and
assign the value of the aerosol extinctiorbackscatter ratiocg@lled lidar ratioS,) within

30% of the uncertainty.
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Figure 2.3Flow chart of the SCAlgorithms of CALIPSO.
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Figure 2.4Flow chart of the aerosol subtyping algorithm.

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

assigrs the aerosol lidar ratio and the multiple scattering profiles dgtinction

processig in the HERA.If the feature is noelevated, a lidar ratio ishosenbased on

the classifiedfeature typen the SCA, buif the feature idifted and a lidar ratio can be

calculatedusingthe transmittance method, the@laulatedidar ratio isadopted
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2.3.13 Hybrid Extinction Retrieval Algorithms (HERA)

The initial lidar ratiofrom the SCAis appliedto extinction retrieval processirg
theHERA. With theretrieved extinction profileghe total optical depth of each feature is
computedand averagd and the average is compared with the measuakdes which
are premeasuredrom the reduction in the clear air signfabm the SIBYL The lidar
ratio is adjustedvhen the values differ by more thathe threshold valugYoung &
Vaughan, 2009)and then the detected layers solvedso that iffalls within the error
range of 30%For theextinction retrieval processin@ALIPSO uses #orwarditerative
solution which is a combination of two solutions, suchaasvo-component analytical
solution develop& by Fernald et al. (1972)Fernald (1984) and Klett (1985) and
iterative solutions developed by Elterman (19&4%.shown in Table 2.2, many studies
used the forward iterative solutions (the near field) for retrieving the aerosol products
rather than théackward iterative solutions (the far field)/hile the backward iterative
solutions are stable (Klett, 198bung and Vaughan, 2009),e$e solutions are often
problematicfor CALIOP since usually it is not easy selectaccuratefar-field boundary
corditions confidetly, especiallyin the case ofeduced SNRwhich happes during
daytime (Young and Vaughan, 2009yhus Young and Vaughan (200%uggestedhe
forward iterative solutions (Eltermah966) and solutions of Platt (1973, 1979) for the
multiple scattering parameters. CALIPSO retrieving algorithmeeladso 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 Algorithms
(Related to CALIOP)
Asian Dust
Eguchi etal. Asian dust/ - Total extinction coefficients Fernal doc¢
(2009) 5-15 May 2007 - Particle depolarization ratio (1984)
-Forward solutions
Haraetal.  Taklimakan - Dust extintion coefficient (Derived Fer nal d 6 ¢
(2008) dust/ using Fernal dbés (1984)
July-September - Vertical profiles of dust extinction -Forward solutions
2006/ 2007 coefficient
Haraetal.  Asian dust/ - Dust extinction coefficient (Derivec Fer nal d 6 ¢
(2009) 21-31 May using Fersmgl doés (1984)
2007 - Averaged vertical profiles of the  -Forward solutions
dust extinction coefficient (Derived
using Fernal dbés
- Color ratio at 532 nm and 1064 nnr
- Particulate depolarization ratio
Huang et al. Tibetan dug - Total attenuated backscattering
(2007) JuneSeptember intensity at 532 nm
2006 - Vertical profiles of total 532 nm
attenuated backscattering intensity
and depolarization ratio
- Frequency distribution of the
depolarization ratio and the color
ratio
Huang ¢al. Taklimakan - 532 nm total attenuated backscattt -Hu et al
(2008) dust/ coefficients method in the
26-31 July 2006- Volume depolarization ratio retrieve of the
- Dust aerosol optical depth AOD
- Dust aerosol extinction coefficient
- Averaged vertical profiles of the
dust extinction coefficiet (derived
using Fernal dbés
Kim et al. Asian dust/ - Apparent scattering ratio at 532 nn - Klett method
(2008) 14,30 Sep, 24 - Vertical profiles of aerosol (1981, 1985) for

Oct, 25 Nov extinctioncoefficient at 532 nm
2006, 12 Jan, 2- Backscatteto-extinction ratio (lidar
Feb 2007 ratio)

the aerosol
extinction
coefficients

- Berthier et al.
(2006) 6s
for the lidar ratio
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Table 2.2 (continued)

Studies Region / Time Data products Algorithms
(Related to CALIOP)
Asian Dust(continued)
Sugimoto et  Asian dust/ - Extinction coefficient at 532 nm Fernal doc¢
al. (2009) 23 July 2006 (1984)
-Forward solutions
-Two-wavelength
Uno et al. Asian dust/ - Dust extincion coefficient (Derived Fer nal d 6 ¢
(2008) 58May 2007 wusing Fernal (1984)
- Averaged vertical profiles of the -Forward solutions
dust extinction coefficient (Derived
using Fernal
Z.Liuetal. Tibetan dust/ - Attenuated backscatter coefficients
(2008) Spring in 2007 at 532 nm

Volume depolarization ratio
Backscatter color ratio

African Dust

Generoso et

Saharan dust/

Attenuated backscatter profiles at

Wang et al.

al. (2008) 30 June6 July 532 nm (2007) 06s
2006, - Time series of a&nuated the retrieve of the
13-17 February backscatter profiles at 532 nm CALIOP data
2007 (From August 2006 to February
2007)
Z. Liuetal. Saharadust/ - Optical depth at 532nm, Fernal doc
(2008) 18, 19, 20 - 1064 nm & 532 nm lidar ratio, (1984)
August 2006 - Optical depth ratio, - Two-wavelength
- Color ratio, - Opaque water
- Particulate depolarization ratio, cloud
- Retrieved backscatter coefficient:
at 532/1064 nm
- 1064/532 Backscatter ratio
Z. Liuetal. North Africa - Effective Lidar Ratio (ELR) Two-way
(2010) (12°-30°N; - Multiple scattering factor transmittance
30°W-35°E)/
June 2006
December
2008)
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2.3.2Retrieval of Profiles of Particulate Backscatter andExtinction

This section introduces thretrieval of profiles oboththe particulate backscatter
andthe extinction forthelevel 2 data of CALIPSORetrieval is a process carried out by
the HERA. The wo-componentidar equatiorcan be expressed as (Young and Vaughan,

2009:
P(r) = ri E,GClby (1) + b, (O[TZ (0.TZ (O,NT2(O,1), (21)

where
P(r) is the detected backscattered signal from rarfgem the lidar,
Eoy is the laser energy for a single or averaged profile
Ga is the amplifier gain
Cisthe lidar calibration coefficient

/v is the molecular volume backscatter coefficjent

T2(0,r)= expg- ZﬁsM (r')dr'g is the molecular twaway transmittance between the

lidar and range z,
Un(r) = Su/u(r) is the molecular volume extinction coefficient

Snis the molecular extinctioto-backscatter (or lidar) ratio

TOZB (O,r) = expg- zﬁao3 (r')dr'éj is the ozone twavay transmittance

ao, (r') is the ozone volume absorption coefficient,

/p is the particulat¢aerosol)volume backscatter coefficient,

TZ(0,r) :exp{- 2/7(r)1‘P(0,r)] is the particulate twavay transmittance,
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d ( is @ paameterization describing multiple scattering by patrticles,

L r:l:l Di-1 . . .
t.(0,r)= ﬁsp(r')dr': a SPj ﬁ b, (r')dr" is the particulate optical depth between

j=0
the lidar and range
uyr) = Su/p (r) IS the particulate volume extinction coefficieand

S is the particulate exictionto-backscatter (or lidar) ratio

With the deletion of the background and offset from the lidar signal, we can
rearrange Eg. (1) to provide the attenuated backscatter. Since the attenuated backscatter
value depends on atmospheric quantities andesamge obtain profiles of the attenuated

backscatter signal corrected for ozone transmittance as follows:

[P(r)- R

. 22
E,GACTE (O,r) 2

b'(O,r) =[by, (1) + b (NTZ O,NTZ(Or) =

2.4 Comparison of CALIOP Data from Versions 2 and 3.01

24.1 Problems in CALIOP Version 2 Data

Our analyses oferson 2 products in dustaden conditions revealed significant
errors, epeciallyin the casef very dense dust layeasmd dusicloud mixed scenes. Very
opaque dust layers over and close to the dust source areas were often misclassified as
clouds due to theimilarity 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 baseltitude of aerosol layers is misidentified in cases of optically thick and highly

absorbing aerosol layers. A good examplestrating this problemis the case of
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CALIPSOdaytimetrackon March30, 2007, over the Gobi Desert. Fige 2.5 shows both
featues of the total attenuated backscatter and vertical feature mask from version 2 (left)
and version 31 (right). In the algorithmof version 2, very dense dust plusigetween

38N and 46N and below ~4 km were classified as doodtthe algorithmin verson 3
classifiedthem correctlyas dust plumes. The reason misclassification oflust layersn
version 2 is thathe intensity othelidar signalcompletely weakewover these layerghe
surface signalas not detectedat all), and thereforethe optcal depth should be larger
than ~3 (Liu et al., 2009). These optical properties are similtdretexpectedvaluesfor

clouds in the CAD algorithm (Liu et al., 2009). Howeuére reported optical deptbf
opaque layers in version( indicates onlythe ypperportionof the layer wheréhe lidar
signalcan be measuredboutonefifth of the cloud layersanda few very dense aerosol
layersare identifiedto be opaque.In these cases;ALIOP camot determinethe true

layer basge and aerosollayer products @nnot identifythose opaquédayers. When the
solution is physically possible, aerosslcan be retrieved about 99% successfully
(CALIPSO ATBD, 2010) This improvement in the CAD algorithms of version 3 enables
oneto usenew level 2 data witthigherconfidence.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, whichillustrates themprovemenof AOD in version 3.01.
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Version 2 Version 3.01

(b)

u 1 E18)
. 1 - V N - K F 2
. : I | " i )
LJ T T 1
34.74 40.80 A4A6.83 T ¥ ¥
110.73 108.90 106.80 34.70 40.76 46.79
110.74 108.92 106.81
O=invalid, 1=clear air, 2=cloud, 3=aerosol, 1=clear air, 2=cloud, 3=aerosol, 4=stratospheric layer,
4=stratosphericlayer, 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) versioar2l (d) version 3.01 over the Gobi Desert
on March 30, 2007.
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Figure 2.6Aerosol optical depth of version 2 (bla&nd version 3.01 (red) over the Gobi
Desert on March 30, 2007.
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24.2 Improvements in Level 2 Version 3.01 Data

A data quality statement dhe release of the CALIPSO Lidar Level 2 Cloud and
Aerosol Profile ProductsVersion3.01 in June 2018hows an immvement over the
previous versions of.2r'he algorithm for the dust retrieval was improved in four major
ways: (1) arosol and cloudevel 2 profile data haveéhe same horizontal resolutioof 5
km, as shown in Figure 2.2; (#)e use of fivediagnosticparametersnstead 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 algoritlemables 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 versianT®e dust lidar ratio in version 3.01 is
55 sr at 1064 nm, which is largdran 30 sr at 1064 nm in versionThe 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 versionTBe extinctiorto-backscatter ratio ¢pis a
key parameter foretrieving the aerosol extinction and thus the optical depth from
CALIPSO level 1 data. The value of &pends on several microphysical properties such
as size distribution, shape, and composition. Chapter 3 of this study will show the
relationship betwen G and these microphysical properties. td#ion, 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
versiors 2and 3.01, and Table 2.4 shows the CALIOP version 3.01 data of interest to the

study.
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Table 23 Comparison of CALIPSO data versiorv&. version3.01

Parameters Version 2 Version 301

Based on D PDFs Based on D PDFs
- Mean attenuatedatkscatter at 532 nm - Mean attenuated backscatter at 532 r
- 1064/532 layeintegrated attenuated - 1064/532 layeintegrated attenuated
backscatter ratio (or total color ratio)  backscatter ratio (or total colorti@)

- Midlayer altitude - Midlayer altitude
Vertical Feature - Volume depolarization ratio
Mask -Latitude L.
Classification of 8 types: Classification of 9 types:
Invalid, clear air, cloud, aerosol, Clear air, cloudgloud(), aerosol,
stratospheric layer, surface, subsurface aerosol (L) stratospheric layer, surface,
no signal (totally attenuated) subsurface, totally attenuatedslow/no
confidence
Based on the following parameters Based on the followingarameters:
- Observed backscatter strength - Observed backscatter strength
- Depolarization ratio - Depolarization ratio
_-|GBP surfacetypes -IGBP surfacetypes
Classification of 9 types / Classification of 9 types /
(assigned gat 532/1064 nm) (assigned gat 532/1064 nm)
Aerosol Type - Not applicable - Not applicable
- Clean marine (20/45 sr) - Clean marine (20/45 sr)
- Dust (40/30 sr) - Dust (4065 sr)
- Polluted continental (70/30 sr) - Polluted continental (70/30 sr)
- Clean contiental (35/30 sr) - Clean continental (35/30 sr)
- Polluted dust (65/30 sr) - Polluted dust §5/48sr)
- Smoke (70/40 sr) - Smoke (70/40 sr)
Aerosol Optical ... Based on forward solution ____Based on forward solution
Depth (AOD) includesthe aerosoll layer base extensit
algorithm
Volume oo Qi_rﬁs:_tQm_e_??u_r_eme_ nt [_)_i_fEQ_tQ!U_eff;l__? urement
- uality uality
[R):Eglal)zatlon depends on the accuracy of the top ar depends on the accuracy of the top ar
base identification base identification
__________ Postextinction quantity
Particulate Quality

- SNR of the backscatter measurement

Depolarization - ; ;
b in parallel ancperpendicular

Ratio @) - Accuracy of tweway transmittance
estimates
__________ Postextinction quantity
Particulate ] A [ Qua“ty/b i
Color Ratio ¢,) - Accuracy of layer top/base altitudes

- SNR of the backscatter data
- Success of the HERA profile solver

Red fontshowschange or new parameters in version 3.01.
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Table 24 CALIOP version 3.01 data products of interiesthis study.

Processing Symbol Characteristics
Level
Level 1B 11532 ot 532 nm total attenuated backscatter coefficients
b'532 532 nm perpendiculattenuated backscatter coefficients
U e 1064 nm total attenuated backscatter coefficients
Level 2 g Column Integrated Attenuated Backscatter 532
532, column
5-km Aeros
ol Layer COD532 column Column Optical Depth Cloud 532
AOD,, . Column Optical Depth Aerosol 532 (1064)
9 Integrated Attenuated Backscatter 532 (1064)
! tayer Integrated Volume Depolarization Ratio
1. lager Integrated Attenuated Total Color Ratio
AOD,,, Feature Optical Depth 532 (1064)
/ ayer Integrate Particulate Depolarization Ratio
Integrated Particulate Color Ratio
p, layer
Level 2 g, _ Total (Perpendicular) Backscatter Coefficient 532
532, profile
5-km Aeros
ol Profile ¢ _ Backscatter Coefficient 1064
1064, profile
s _ Extinction Ceefficient 532 (1064)
532, profile
— Particulate Depolarization Ratio Profile

Redfont 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 perfante of CALIPSO in dudaden conditions to
confirm the reliability of the latest level 2 version 3.01 datee CALIPSO lidar retrieval
is a multistep process that includekse correction of lidar signals for instrumental
effects the detection and clafisation 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 resoltions. As a result, the aerosol extinction retrieval is affected by
all preceding stepse examinedelevantretrieval proceduresncludingSIBYL, SCA,

CAD, Aerosol subtyping, and HERAlong with analyses of CALIPSO products in dust
laden conditions taleterminethe sources obiases in previous version 2 data d@hd
performance ohew version 3.01 dat&/e found thawersion 2data were most prone to
errorin thecaseof dense dust layeend dusicloud mixed scenes. The new version 3.01
data showedn improved capability taliscriminae between clouds and aerosols by
implementingthe 5D PDFs instead of 3D PDFs algoritused inversion 2 data. In
addition, AODvaluesof version 3.01 data show more accurate results than version 2
thanks to the aeroklayer base extension algorithm added to SIBXDDs values were
also affected by changes in the lidar ratio usedlust retrievalsversion 3.01 data were
generatedising different lidar ratios for dust at 1,064 nm and polluted dust at 532 nm and
1,064nm asshown in Table&.3 The effect of these changes in lidar ratios will be further
addressedn Chapter 3. Through many improvements of aerosol retrieving algorithm,

version 3.01 data show more accumd¢athan previous version Dverall, ouranaly®s
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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 stuélesiever,our analyses also revealed the
remaining sources of uncertainty or error thntst beaccounted foin duststudies (see
further discussiomn Chapters 3 and)4Some major sources are the followinghaying

two aerosoltypesidust 0 and dApol | utdoes nat captaredthe(full e e
variability of dust properties; b) low signtd-noise ratio ofthe CALIOP lidarleadsto

the misclassification otack of aerosol layer identification, especially near the land
surface, that limits applicability of CALIPSO data for studying weak dust episcjles
biases in daytime CALIOP attenuated backscatter pspfdg the effect of multiple
scattering, especially in dense dust plumes; and fingligloed contamination still may

be a factor leading to erroneous vertical features classificaGoven the complexity of
space lidar observations and various isquesinent to arosol (and dust in particular)
retrievals,to fully benefit from CALIPSO lidacapabilitieswould require anintegration

of CALIPSO data with independent satellite and groubdsed observations A
methodology for performing such integratisdtata analyses and its application to regional

duststudies 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 aerosetrieval algorithm is an
assumption about several aerosol optical characteristics (such as lideég)ydkiat are
required bylidar retrievals. Currently, the CALIPSO retrieval algorithm uses a fixed
value S, = 40 sr for dust regardless of the sourcgiae andtransported distancdsee
Chapter 2) Many past experimental and modeling studies, however, demonstrat&g that
varies in dustaden conditions depending on the microphysical properties of dust
particles such as size, composition, and shap¢eBatderstanding of how variations of
dust microphysical properties occurring during the dust lifecycle in the atmosphere can
affectS, is of great importance for accurate retrievalshef aerosol extinction profile and
aerosol optical depth from CALIPSKalar measurementOn the other hand, CALIPSO
lidar provides unique information on the particultiteear depolarization ratial, that
potentially can be used tietect nonspherical dust particles (sidge O for spheres) and
characterize the dust agj, especially changes in particle shapes. Tihis important to
examine the behavior of both lidar optical characterisBcsind U, considering the
representative dust microphysical properties in the source regions and dowhkd.
motivated us t@erformintensive 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 asymmetrparameterboth of whichare required in radiative transfer calculations of
the dust radiative impact. Chapter 3 presents the results of this modeling study.

Despite the recent progresstire development of computationally fast numerical
methoddor optical modeling, calculation of the optical characteristics of mineral aerosol
remains a challenging problem. The me#asons sterfrom the complex nature of dust
particles whose shapes exhibit a wide variety of morpholagessizes span over the
wide rangelt has been well recognized tithe Mie theorywhich gives accurate optical
properties osphers and is widely used in remote sensing applicatisaptapplicable
to dust particlesespecially for lidar remote sensing applicatidBsenthe complexity of
dust morphologies and limited data to reconstruct actual 3D shapes, the majority of
studies approximate dust byraxture of spheroidand employ the fmatrix technique to
compute optical properties of dtlgte 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 repguced by a mixture of spheroidsjtit also involves
a number of othemmportantassumptions relatea tdefining the aspect ratio of prolate
and oblate spheroids, its change with size, and the proportion of spheroids with different
aspect ratiosn fine and coarse mode particlé@Subovik et al, 2006 Wiegner et al.
200). As an exampleFigure 3.1(b) illustraes how an actual dust particle can be
approximatedy a spheroid, which idefined by an axis ratig the ratio of the horizontal
semtaxis (b) to the rotational serraxis (a) asshownin 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 akdli® (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 thmalrix method and, what is even
more critical, the data on 3D shapes of dust particles are currently very limitedifThus
the T-matrix method would be able to reproduce the lidar observations, then the more
complicated DDA approach will not be needed @XLIPSO. We examine this issue by
performing a detailed optical modeling withnfatrix method in relation to CALIPSO

and grounebased lidaobservations. In addition, due the narrowsize parameter range

of the T-matrix method,some studies udethe improved geometric opticenethod

(IGOM) for coarseparticles(Yang et al., 2007)

(@) (b)

Figure 3.1 (a) Atomic Force Microscopy (AFM) imageaofiust particle (from Chou et

a., 2008) and (b) spheroid with axis ratisb/a
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The goals of this study are to perform @tensivemodeling of the optical
properties of nonspherical dust particles to aid in the retrievals and in the interpretation of
CALIOP data.To perform modelig over the required broad range of dust particle sizes,
we developed a unified code by merging thenatrix methodand IGOM methogdwhich
is called TM/IGOM hereafter The next section introduces the-ratrix and IGOM
methods and thefM/IGOM. Section 3.3 dscribes theselection of microphysical
parameters used in optical modeling. In Section 3.4, the results of optical modeling are
discussed and compared to measurements. L&htion 3.5 summarizes the main

findings.

3.2 Development of aUnified Code byMerging the T-matrix Method

and the IGOM Method

This section briefly introduces-matrix and IGOMcodes employeth our study.
Then we show how the unified code TM/IGOM was develogred used to compute the

optical characteristics of dustixtures.

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

http://lwww.giss.nasa.gov/stafffmmishchenko/t_matrix.html
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The scattering matriexpresseshe transformation of th&tokes vector of the
incident beamJy, Qu, Uy, and Vy, into the Stokes vector of the scattered beaR,

provided that botlstokes vectors are defined with respect to the scattering plane

I I,
¢ — Cpppmpdv QI}
U serr L U, | (3.1)
I v,

whereng is the particle number densiti,is the distance from the smaiblume element
dv to theobservation pointandl, Q, U, andV are the Stokes parameters of scattered

radiation The scattering phase matixis defined as follows:

Pyy B 00

p Pin Py 00 392
o 0 Pyu-pPL (32)

b=

U Pyy P
The phase functioR;; satisfiesthe normalization
~[; desin P, (@) = 1, 3.3
The asymmetrparameter of the phase functisrdefined as
=< cos@ > = %Jr_ii d(cos@)P,(0)cose, (3.4)
An efficient approach for the computation$ rotationally symmetric particles

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

— '!i“?".ﬂ:\.'
Pi'j_ - EE:E'

a}Pgy(cos@), (3.5)
w h e r'is thadexpansion coefficienamd P}, (cos @) are Legendre polynomials.

P, (x) = P, (x), and thus the equation aboigethe expansion of the phase function in

Legendre polynomials<cos™ > is derived by wing the orthogonalityproperty of

spherical functions,
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<cos >=_ 1%/3, (3.6)

The absorption cross sectitigys per particle is defined as the difference between the
extinctionle and scatteringis:a Cross sections

Uabs = ext Usca, (3.7
where the extinction and scattey 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:

g, = __RE.T ‘max R [T'.l'.l Ti"

B iy =] A p=—n MRMn TMRIH ]

(3.8)

I :l

g, = Zyrmecyrmayn yw 32 33 qry (3.9)

12 t=]1 st = sl = = -

E

The basic principle of ‘matrix consists of the expansion of scattered fields and
the incident electromagnetieeld in vector spherical wave functions. Inmatrix, the
expansion coefficients of the incident field are transformed into those oérechfiled,
which allows Fmatrix 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 amtkshape of the
scattering particleand on the orientation dhe scattering particle with respect to the
reference framerhe T-matrix methodis applied tosize parametersc = 2° /@) ranging
from 0.5 to 50This isanothedimitation of the Fmatrix method with the limited types of

particle shapess(ich as spheroids, cylinder, addebyshev shapes).
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3.221GOM Method

The IGOM is a hybrid algorithm based on the principles @ingetric optic and
electromagnetic wave theory. In particular, this method employs théraagg
technique to compute the ndald on the scattering particle surface. The corresponding
far-field is obtained by mapping the ndald to its counterpartii 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 tlyetn@cing technique
and a simplified algorithm is used to account for thesprgading effect associated with
mapping the nediiled to the farfield. An IGOM numerical code used in our study was
provided by DrP.Yang.

In the IGOM code, the phase matdan be written as

P(8) = 21 [T [51:(6.6) P (8,) + 5,,(8,8,)R(8,)|sin6.d6,  (3.10

Whel‘eF??(E'r] and!%'?(ﬂr) are the (1,1) and (1,2) elements of the phase matrix. The
factors, $; and S, arerelated tathe ray spreadingffect(YangandLiou, 1996)caused
by the finite cross sectiond the rays(seeYang and Liou (19962009 for the detailed
expressions of factoiS; andS;,).

Once the scattering matrix is determinédis straightforward to compute the
scattering phase matrix that relates the scattered stoke parameters to tdet inc
counterpartsEq. (11) accounts for the phase interferences among geometric optics rays

and diffraction

5"53_5:53 _5:53
[5;_ 51] B [5;_ 51] [5;_ 51]:_:_; (3.11)
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However, the effect of phase interferences on scattering pattern is negligible for
polydisperse systems which consistmnspherical particles with random orientation

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

p=-—2p 4+ ——Pp, (3.12)

whereP,y is the contributions from geometric optics rays &a¢l from diffraction. Both
Pray andPg;s in EQ. (12) are normalized as follows:

1P, (0)sinede =1 and I[TP.(@)sinéde =1, (3.3
The total extinction efficienc)e is given by

Q. (a b, k,m)= Qeicom (a b, k,m)+ m (@b, k), (3.14)
whereq, ;cou (@b, k,m) is calculated by the IGOM, arfg .. (a, b,k) is the mean
edge contributiorto the extinction efficiency, given by Fournier and Evans (1991) as
follows:

" oy -::_ 2= 59:_45':#-13-5?--'{_"[.'.»!:—':: EJ_":-:i—;_,!:_'-]: :E."J
QE.EE’;E ('ﬂl 5'!"{:' - D_ [u3+ (a/B)2(1-p®)] % 2dp ) (315)

Yang et al. (2007) point out that both extinction aabsorption efficiendes are
underestimated in the IGOM computation. Therefbigssenzveig and Wisotbe (1980)
averagedthabsor pti on efficiency oveamsuggededae par
mean absorption efficien@s follows:

Q= Qucon T Qaae ™ Qaves (3.16)
where Q. com representghe geometric optics tern@Q, ... and Qape are the analytical
expressionpresentedy Nussenzveig and Wiscombe (1980) dth®nthe CAM theory
andrefer to the abovedge and belovedge contributiongespectivelyT he e Xxtel NCct i 0

and s c atrdsesedtiangarelgiven by
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.= QA and o .= Q.A. (3.17)
wherethe projected area] is one quarter of the surface ar& (Vouk, 1948). The

surface area of a spherpglven by Beyer (1981)s written as

12 z 1+=¢ .
2mb® + 7= In T for oblate spheroids

s = A i = (3.18)
2wb” + 2;?—75'1'?2_15 for prolate spheroids,

wherea is the length of the seraixis of rotationb is the equatorial senzixis, andJis
the eccentricity of the spheroifihe relationship between the parameters can be given as
follows:

U= sqrt @21 b?) / a. (3.19)

The IGOMmethod isvalid for asize parameter range = 2 r,/g) from 20 to 800

3.2.3 Testing theUnified TM/IGO M Method

Testing of the unified code was performed by examining modeling results of
matrix andiIGOM in the common size parameter rangest of all,it is important toset
up a size parameter betweenmhbtrix and IGOM becaus¢hey employ different
defintions. The equalolumesphere radius, in T-matrix can be related to the size

parameter (x) as follows:

x=2 1,/ o (3.20)
ry=50 2, (3.21)
V=(4/3Y &, (3.22)
a=((3v§n@4))°, (3.23)
b=a/U0,6 (3.24)
XSIZE = 2 (2b) / o- (3.25)
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wherea-is the wavelength € )y V is the volume, a is the length ofthe longer axis of
spheroid in IGOMp is the length othe rotational axis in IGOM, and) & the aspect
ratio U 6 for obldte spheroids ald 6  For drolaté spheroigsand XSIZE ighesize
parameter in the IGOM method.

The equalolumesphere radisr, can berelatedto the equakurfaceareasphere
radiusrs with values ofa andb in eq. (3.23) and (3.24) as follows:

rs=sqrt §4 ). (3.26)

For example, the size parameter (x) of 50 corresptnd; = 5.393em in T-matrix and
XSIZE = 70.D5emin IGOM at 660 nnfor a spheroidvith the aspect ratio of 1.For
example, Figure 3.2 shows comparison of the scattering phase function computed with
IGOM and Fmatrix. This case is fars = 5.393emin T-matrix, XSIZE = 70.20Em in
IGOM, and aspdcratio = 1.7,and the refractive index of 1.53 + i0.008. Excellent
agreement between the two phase functions computed wittatix and IGOM is

apparent.

10000.00

1000.00 -

— T-matrix

100.00 ~

10.00

1.00 ~

Phase function

0.10 ~

l:l-':ll T T T T T T T T T T T T T T T T T
0 30 &0 a0 120 150 180

Scattering angle (degree)
Figure 3.2 Scattering phase function computed at 660 nm for refractive index of

1.53+i0.008, sizegrameter of 50, and aspect ratio of. 1.7
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In the unified TM/IGOM code, computations are performed with eitherairix
or IGOM depending on the parameter spdad-igure 3.3solid line showsthe boundary

of size parameter (gt each aspect rafieeparang the usage of-matrix and IGOM at

532 nm

15.0
120 -
IGOM
9.0 -

6.0 -

radius (um)

30 - T-matrix

| =532 nm

00 T T T T T T T T T T

105 11 12 14 16 18 2 22 24 26 28 3

aspect ratio ()

Figure 3.3Range of the equalurfaceareasphere radiusr{) with the application of T

matrix methodbelowthe boundary curvegnd IGOM(abovg at 532nm.

3.24 Approach to Computing Optical Properti es ofDust Particles

In this study, we model the following optical characteristisgattering
coefficients b, extinction coefficientsb,, asymmetry parametey, single scattering
albedo ¥y, the phase function of1f180°) andthe scattering phase matrix element
P2»(180°) at the scattering angle of 18(Herosol lidar ratioS, and aerosol linear

depolarization ratial,. They are defined as follows
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_{§ QOANN@r
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_ sz Q.(r)A(r)n(r)dr

I’jz A(r)n(r)dr
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_ff 9nQ.MAMN(Mr
f;st(r)A(r)n(r)dr '

_ r'jz Pll(r)Qs(r)A(l')n(r)dr

A Q. AMN(dr

_ f PaQUDAMIN(r

P —~
n Q,(r)A(r)n(r)dr
Sa = 4—'01
w,R,(180)

g = Pu(180)- P,(180)
P P,(180) +P,,(180)

where n(r) is the particle size distribution
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3.3 Selection ofDust Microphysical Parameters

To construct representative dust mixtures for optical modeling, we examined data
provided byseveral recent field experiments (e.4CE-Asia, PRIDE, AMMA, and
SAMUM) as well as laboratory measurements (e.g., Lafon €2@06). Here we briefly
introduce these measurements and exphamw they were used to constrain the size

distribution, composition and refractive indices, and aspect ratio distribftgpheroids.

3.3.1 Particle Composition and Refractive Index

The particle composition, whictieterminesa refractive index, iscquiredfrom
thelaboratory generated samples of dust aerosols and atmospheric dust samples (Sokolik
and Toon, 1999; Lafon ., 2006).For the internal mixture of 2% hematite and 98%
kaolinite, Sokolik and Toon (1999) suggedta refractive index of 1.52+0.0058iafon
et al. (2006)modeledthe optical properties of iron oxidelay aggregates with nen
absorbing mineral spedédi.e., quartz and calcite) and lighldsorbing species (i.e., black
carbon and kaolinite) based omneralogical composition measurementsAsfan and
Saharan dusderosols Theygavethatthe range of the real part thfe refractive indexof
kaolinite-containing aggregates between 1.5 and 1.6 in the visible spe®@asad on
datafrom the2006 SAMUM field campaigrKandler et al. (2008) suggested that mineral
dust consists of silicates, carbonatesd quartz, andased onthis compositioal
informdion, they determinedhe range othereal part of refractive index from 1.5 to 1.6
and the imaginary part around 0.003 + 0.0008ha630 nmwavelength. 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) suggesiege
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of 1.53 to 1.56 for the real part and 0.0015 to 0.0085 for the imaginary ptre at
wavelength of 537 or 550 nnBased on tese studieswe selectedhe real parof the
imaginary index irthe rangebetween 1.52 and 1.56nd the range fror-0.006for the

imaginary paratthe532 nm lidawavelength

3.3.2 Particle Size Distribution

The Aerosol Characterization Experiment in Asia (ABGEia) measurements
showthat particle size distributi@of mineral dushave two size modeda theradius in
ther ange 0. O PArintoto et @l., 2006Saimfeldet al.,2004. The Puerto Rico
Dust Experiment (PRIDEgxperimentreported that the bimodal particle dibtrtion hal
a maximum radiusclose to5 € m. Chou et theadhreemodabll@gyfodrial us ed
distribution in the radius range of 0.01 to&®n based onthe African Monsoon
Multidisciplinary Analysis project (AMMA)measurementdViegner et al. (209 fitted
the particle size distributiowith the four-modal lognormal distribution in theadius
range of 0.08L0 em based orobsevationsfrom the Saharan Mineral Dust Experiment
(SAMUM). For version 2 inversion products of AERONET, Dubovik et al. (2006)
appliedthebimodal lognormal distribution wittheradius between 0.05 to En.

In our modeling we representedhe dust particle size distribution by a bimodal

lognormal functiorto explicitly account for fine and coarse modes

2 e {Inr-1 _ [}
n(r):a;exw (nr nrg% 2 l:’I (3%)

i=1 @Insir é n sig

wherer is the radius of the equalirfaceareaspherefy the geometric mean radius of
theit h mo d ej,the geordetricistandard deviation of tith mode.Based on

measurementave consideredarticlesizes in theradiusrangefrom 0.1-1.0 em with rg;
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=0.5em a n d= 0I5 fodithe fine mode (i=1) aritleradius from 0.1 to 15m with ry
=1.0em an d= 0.51fér the coarse mode (i=2). Farsensitivity study, wealso
consideredsize distributios havinga maximum radius @m anda median radis of 2.0
em for the coarse mode.

Despitevarious differences in reported dust size distributions, there is a common
consensus thatoarse particlesare most abundant dust sources andheir relative
fraction decreasg during transport (Maring et al2003. The presenceof coarsedust
particlesstronglyaffect the light scatteringand its variations must be taken into account
(Munoz et al., 2007, Nousiainen et al., 201A9r instance Kalashnikova et al. (2005)
modeled the optical properties of dpsirticles by varying theproportion of the fine and
coarse particleand proposedrepresentative mineral dust compositgpeshape types
with the combination of the fine and coarse modfés.investigatd the effect ofcoarse
dust particle on the opticalproperties by arying 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 traAsgordingly;
we changed the pportion of fine and coarse particles as follows:

Case 130% fine mode + 70% coarse mode
Case 250% fine mode + 50% coarse mode

Case 370% fine mode + 30% coarse mode

3.3.3 Particle Aspect RatioDistribution
Several recent studies provided direct sugaments of the aspect ratio of dust

particles as a function of siZé/e 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 opticslable 3.1comparedive distributionsconsidered in our

study Mixture 1 (denoted by M1yepresents the case of equallgighted aspect raiso

from 1.2 to 3.0Mixture 2(M2) is similar to M1 butrepresentsispect ratios from 1.65

Mixture 3(M3) is based omeasurements of the aspect ratio from SAMUM for Saharan
dust (Wiegner et al., 2@), and mixtures 4M4) and 5(M5) are based odata reported

by Okada et al(2001) for Asian dust In addition, we considerethe dust mixtures
consisting of oly prolate spheroids (denoted by P), oblate spheroidsqiC§0% each

type (PO).

Table 31 Aspect ratio distributioniof dust particlesised in optics modeling.

Aspectratio 6 | 1.05| 1.1 1.2 14 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
Fine 0.535 | 0.289 | 0.108 | 0.040 | 0.015 | 0.007 | 0.003 | 0.001 | 0.001 | 0.001
M3 | 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 andDiscussion

The constructed mintes were used to perform a detailed modelin§.ofi, ¥ o,

andg, andtheresults were evaluatetjainst observations to the extent possible.

3.4.1 Effect of AspectRatio Distribution

Tables 3.2and 3.3 show the values d&, Uy, ¥o, andg at 532 nmfor the casel
(70% coarse mode and 30% fine mpdemputed forthe threemixtures P, O, and PP
for all five aspect ratio distributiong he fine modss in the radiusrangefrom 0.1-1.0
em, r; = 0.5em  a n d= Ol5raddthe coarse mode fsom 0.1:15&m, rg; = 1.0em,
and?40m0

For comparisons, dble 3.4 lists observations & and of U, performed under
different dust conditionsdBased on measurements presented in Tabled@st,episodes
often showthe depolarization ratio of above 0.28 and the lidar ratio of between 35 and 60
sr. Comparing Tal# 3.2and Table3.4, it is noted that only some mixtures can reproduce
observationsM1_O (Mixture 1with oblate spheroidonly), M2_O (Mixture 2with
oblate spheroidenly), M3_PO (Mixture 3with 50% oblate and prolate spheroids), M3_P
(Mixture 3 with prolate spheroidenly), M4_P (Mixture 4with prolate spheroidsnly),

and M5_P (Mixture Bvith prolate spheroidsnty).
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Table 3.2 Modeledparticulate linear depolarization ratip and lidar ratioS, at 532 nm

for three cases (O: oblate spheroid, P: prolate spheroid, PO: 50% each) of five shape
distributions (M2M5) of dust particles. Each case consistsired fnode 30% and coarse
mode 7@6. The size range from 0.1 toglmwith ry = 0.5em a n d= 0.5fofi fine

mode and from 0.1 to 16 nwith ry=1.0em a n &= Ol5forlcoarse mode)

Depol arizagi o Lidar ratio (S,)

1.52 1.56 1.52 1.56
0.003 0.006 0.003 0.006 0.003 0.006 0.003 0.006
0.311 0.299 0.285 0.272 46.3 63.9 41.4 56.5
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
0.301 0.283 0.272 0.253 40.9 56.1 36.0 49.3
M2 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
0.264 0.258 0.251 0.241 30.3 41.0 26.4 35.7
M3 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
0.271 0.267 0.264 0.256 21.1 28.2 18.5 24.6
M4 P 0.293 0.309 0.258 0.268 34.3 46.3 29.5 401
PO 0.282 0.288 0.261 0.262 27.7 37.2 24.0 32.4
0.265 0.248 0.246 0.226 18.0 24.7 15.4 21.0
M5 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

vl O| ~| =

M1

o

1 nis the real part of refractive index and k is the imagy part of refractive index.
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Table 3.3 Same as Table 3.2 but for theodeled single scattering albed®, and

asymmetry parameter g.

Single scattering albedo (¥ o) Asymmetric parameter (g)

1.52 1.56 1.52 1.56
0.003 0.006 0.003 0.006 0.003 0.006 0.003 0.006
0.8898 | 0.8244 | 0.8875 | 0.8216 | 0.7579 | 0.7847 | 0.7439 | 0.7724
0.8887 | 0.8225| 0.8870 | 0.82( | 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
0.8889 | 0.8227 | 0.8868 | 0.8201 | 0.7591 | 0.7851 | 0.7455 | 0.7731
M2 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
0.8853 | 0.8169 | 0.8829 | 0.8140 | 0.7410 | 0.7706 | 0.7268 | 0.7585
M3 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
0.8840 | 0.8143 | 0.8818 | 0.8117 | 0.7398 | 0.7690 | 0.7258 | 0.7572
M4 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
0.8842 | 0.8143 | 0.8823 | 0.8120 | 0.7478 | 0.7747 | 0.7345 | 0.7633
M5 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

vl O ~| =

M1

o

1 nisthe real part of refractive index and k is the imaginary part of refractive index.
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Table3.4 Lidar ratio §s2 at 532 nm and the particle depolarization régi@ported fom

observations.
Source Region Layer Ss32 Up Lidar (References)
(Campaign) (km)
Asian Dust- Source Region
Beijing 12 days 40.7£7.8 0.142+  Raman lidar
o averaged 0042 _(Xieetal,2008)
Gobi , Beijing PBL? 3515 Raman lidar

(Tesche et al 2007)
Asian Dust- Transported Area

Anmyeon Island, 45.5+8.6 0.26x0.1 Raman lidar
. SouthKorea ] (Nohetal., 2007)
Tokyo .Japan 4-4.6 43.1x7 0.2 UV-Raman lidar / Nd:Yag
laser
) (Murayama et al., 2004)
Tokyo (ACEAsia) > 3.6 4560 0.30.35  Mie badkscatter lidars
R (Murayama et al., 2003)
Tsukuba / Tokyo, Japatr 4255 HSRL’/Raman lidar
_______________________________________________________________________________ (Liuetal, 2002)
Nagoya / 2-8 465 0.20.33  Nd: Yag laser
Tsukuba, Japan 4-7 (40-60) (Sakai et al., 2002)

Saharan DustSource Region

, 36.4/385 0.3-0.32 Nd: Yag laser_CALIOP
North Africa +9.7 (Liu et al., 2010)

Raman lidar

Quarzazate (SAMUM) <6 50-60 0.32 (Muller et al., 2009;
_______________________________________________________________________________ Freudenthaler et al., 2008
HSRL"
Quarzazate (SAMUM) <45 41-60 0.280.32

(Esselborn et al., 2008)
Saharan DustTransported Aga

Potenza (SAMUM) 2-6.5 55-60 EARLINET?
_______________________________________________________________________________ (Muller et al., 2009)
Tito Scalo, Potenza 2.55.9 37 Raman lidar
e (meany (Mona etal., 2006)
Leipzig, Germany 01025 EARLINET?

(Muller et al., 2007)

Planetary boundary layer (PBL)

High-SpectralResoluton Lidar (HSRL)

Effective Lidar Ratio (median / mean values)

European Aerosol Research Lidar Network (EARLINET)

aoop
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3.4.2 Effect of Size Distribution and Composition

To investigatethe sensitivityto size distribution, we fix the range of fine mode
and chang the range of coarse modée black solid lines in Figus8.4 and 35 show
the resuls for the size range af-15em, ry=1em a n d= 1. Sinilarly, the black
dotted lines display the results when the size range is changed ftéran to 1-6 em.
The red solid lineshowmodeledvalues when the median radiygss changed froni.0
em to 2.0em for the size rangef 1-15 em and the red dotted lines for the size range of
1-6em.

Figure 3.4 and 3.5 show thtite change of size range fratal5 em to 1-6 em
only slightly affects the values of,, Uy, ¥o, andg at 532 nmHowever,the change ofy
from 1.0em to 2.0em, howevercauss a noticeablencreasan S, and g but resulsin a
decrease iro. These results indicate that the size range above the particle radiesof 6
has little impact ondust optical properties the 532 lidar wavelendtir considered
medianradii (I1nm and 2nm) of coarse modddowever, the value of median radius itself
is important.

When the real part dherefractive indexwasvaried from 1.52 to 1.561, andg
decreased down to 0.05 and 0.017, respectiwéile S, and¥ increasd upto 9.7 and
0.0028,respectively Whenthe imaginary part increasérom 0.003to 0.006,S, andg
increase whiler, decreaseand there is neertainpattern oftl,. This result implies that
changes in the imaginary part of refractive index do not haveeadie impact on the

particle depolarization ratidi,
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(a) M1 (oblate spheroid &) (b) M2 (oblate spheroid only)
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Figure 3.4Lidar ratio and linear depolarization rattmmputedfor different refractive
indicesand aspect ratiadistributiors of dust particledor (a) mixture 1, (b) mixture 2
(oblate spheroid ow), (c) mixture 3(50% each) (d) mixture 4, (e) mixture ,5and (f)
mixture 6 (prolate spheroid only) for 70% coarse and 30% fine matd®32 nm(fine

mode:0.1/ r/ 1emwith ry = 0.5em, coarse moded.1/ r/ 15em (solid line)/ 01
[ r/ 6 me(dotted line) withthe median radius of 4m (blackline)/ 2 em (redline))
(I f=0.5is fixed for each mode).
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(a) M1 (oblate spheroid only)
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Figure 3.5 Same as Figure 3@yt for

parameter.
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3.4.3 Effect of CoarseDust Particles

In Figure 3.6theblack solid line represents the case 1 (70% coarse mode + 30%
fine mode) the blue dotted line is for the case 2 (50% each),theded dotted line is for
the case 3 (30% coarse mode + 70% fine mode) for the selected msktavas inTable
3.2. Examining Figure 3.6pne can see thamong all the cases, case 1 has the largest
lidar ratio value, which decreaskem case 2 t@ase 3.The largestdifference between
casel and 3 reacheBS;=26.4 sr However,no specific pattern can bgeenin the
behaviorof t,. If one considers thal, remairs constant during the dust transp@s was
done by Liu et a(2008, then the M1 oblate spheroid mixture appears to give thefibest
aspect ratiadistribution for the refractive index of 1.52 + i0.003, as shown in Figure
3.6(a) wheral, is about0.31 as reported by Liu et al. (2008). In this figuke S, ¥ o, and
g at 532 nm(for refractive index of 1.52 + i0.003have the values 03.31Y 46.8 sr/
0.8897/ 0.7578 for the case @309 42.3 sr/ 0.9085/ 0.7416 for the casea@d 0.308
37.8sr/ 0.9273/ 0.7253 for the case 3, respectively. This result shows that the vajue of
rarely changeswhile S, andg decreaseand ¥ increase with the deeasing fraction of
coarsedust particles. The trend @f and ¥, are similar with he other mixturegsee
Figure 3.7. This resultis alsoin goodagreementwith the HSRL measurements of lidar
ratios on May 19 and June 3, 2006 as showthéanFig. 3.8 of Wiegneret al. (200).
Figure 38 shows thatidar ratics decreasom 50.3 £ 2.2 sfat3.25 km) to 47.0 + 2.4 sr
(at4.85 kn) on May 19 and from 46.2 ¢belowaround 2.5 kpto 38 sr(at 3.8 km) on
June 3, 2006To reproducehe lower lidar ratio(38 ) at 3.8 km, Wiegner et al. (200
useda higher imaginary paxf the refractive index Tuning the imaginary part dano

justification since no systematic changes in dust composition with altitude were observed
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Our modeling results offer an alternaiexplanation. Bsuls demonstratehat the lidar
ratios decreasdrom 46.8 sr(case 1)to 37.8 sr(case 3)for the M1 oblate spheroid
mixture with the refractive index of 1.52 + i0.003hus,the vertical decrease of lidar
ratio on June 3 2006an be beséxplained by thalecrease of large dust particlegh
altitude.

The fact thatt, remains almost constant with the decreasing fraction of coarse
particlesimplies that this parameter hagelatively low sensitivity to size distribution.
Therefore, we believe that the conclusiofdiu et al. (2008) that ¢, remaired constant
duringtransport of an African dust episodé200 because of little changes in the dust
size distributionare questionable.

Another important finding i@ decrease d& with the decreasing faction diie
coarse modeTherefore,varying lidar ratio valuesmust be consideredn CALIOP
retrievab instead of fixed S, value used in version 2 and 3.01 dataurthermore,
variations in the values of, andg also suggest that different valueswf 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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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 Wiegner2&).,

3.5Summay
This study examined how variations of dust microphysical propestiesffect
the lidar ratioS, and particulate depolarizatiot,. The ¥ andg were also modeled and
used in assessments of the dust radiative impact (see Chapters 4 &ondpB)form
optical modeling, we developed the TM/IGOM technique, whica égsmbination of the
T-matrix and IGOM methods. TM/IGOM enables optical modelinthe wide size range
covering from fine to coarse sizes of dust particlée upper limit of1l5 nm radiuswas

considered irthis study.
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Examiration of the behavior of both lidar optical characteristi&sand U, was
performed by considering the representative selection of microphysical properties based
on recent measuremen@omparingthe results of measuremertts modeling, it is noted
that only some mixtures can reproduce lidar observatidast episodes observed from
satellite or groundbased lidar often shothe depolarization ratio of above 0.28 and the
lidar ratio of between 35 and 6Q sr

The change of 2e rangeof the coarse modéom 1-15em to 1-6 em hasa small
effect onthe values o0&, Uy, ¥o, andg at 532 nm These optical characteristics are much
more sensitive tadhe change ofrg from 1.0 em to 2.0em. Increasingrg causs a
noticeableincreasdan S, and gand a decrease my. The® resultssuggesthat particles
with sizesabove &m do not affecthelidar signalat the 532 lidar wavelength.

When the real part dherefractive indexwasvaried from 1.52 to 1.56{}, andg
decreased down to 0.05 and 0.017, respectively, #hi#gad ¥, increasd up t09.7 and
0.0028,respectively Whenthe imaginary part increaddrom 0.003to 0.006,S, andg
increasd while ¥, decrease and therewas no special pattern @f. This result implies
thatthe changes in the imaginary part of refiiae index do not have noticeable impact
on the particle depolarization ratig,

The fact thatl, remaired almost constant with the decreasing fraction of coarse
particlesimplies that this parameter hagelatively low sensitivity to size distribution
Therefore, we believe that the conclusiofd.iu et al. (2008) that ¢, remaired constant
during transport of an African dust episanfe2006 because of little changes in the dust
size distribution are questionabléMoreover, a decrease & during tlansport implies

that varying lidar ratio values should be applied to the retrieval of CALI@BRr data
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instead the currently used fixed valoe40 st The variations in the values ®f andg
also suggest that different valuesof and g will need to beconsidered over the dust
source and remote areas in satellite retrievals and radiative forcing modeling.

In future work, itwould be helpfulto model the Angstromparameterat the
wavelength 532 1064 nm, which is related to the particulate colaprixt CALIOP data.
However, modeling the optics at 1064 nm requires inclusfi@ven largesizeparticles
for which information on the aspect ratio and composition is still lacksgablishing
relationships betweethe Angstromparameter angarticulae color ratio ands, at 532
nm will make it possible to usthe particulate color ratiobserved by CALIORN the
dustretrieval. It is recommended thatifferent lidar ratie be applied in the CALIOP

retrievals based on regional dust sources and thetded 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 2this study demonstrated a procedure for retrieving aerosol properties
from the CALIPSO level 1B data and the performance of @HK.lin dustladen
conditions. Distinctive improvements in the latest level 2 version 3.01 data give
confidence in using CALIOP datarfdust studies, althouggtobme biases were identified.
Also, version 3.01data include two new aerosol produgiarticulate depolarizatioratio
andparticulatecolor ratiq see Chapter 2) that have not been analyzed by previous studies
and analysis of tlee products will be one of our objectives.

As commented in Chapter2, the characterization of aerosols from CALIPSO is a
multi-step processinvolving several different algorithms (such as SYBIL, SCA and
HERA). In these algorithms, the correct identiftan 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 verticalribstion (i.e., VFM) in the source regions and
downwind. Level 2 data products were retrieved usimgmproved version of the cloud

aerosol discrimination (CAD) algorithm. However, dense aerosol layers (such as dense

61



dustin and nearthe source regionsyea 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 grodoalsed and satellite instruments.

The specific goals of tle study presented in thishapterare as follows:1)
examine the vertical distribution and optical properte#sian dustn the dust sources
andduringthetransportusing the new level 2 version 3.01 CALIOP dataconjunction
with independent satellite and groubdsed obseations;2) andassess 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 paramgtezsented in Chapter 3).

Section 4.2 introduces the data and methodology used in this Seclyon4.3
presents the results of our analyses of Asian dust ewefite spring(dust) seasonef
20072010in the dust sourceand downwind regions affected yomid- and longrange
transported Asian dusBection 4.4 discusseshe assessment of thadiative impact of

Asian dustandSectiord4.5 summarizes the main findings.

4.2 Data and Methodology

4.21 Ground-Based and Satellite data

We analyzed CALIOP datan conjunction with ATrain multisatellite, multi
sensor products (includingODIS aboard Aqua, somklODIS Terra dataOMI aboard
Aura, and CloudSat) as well agith groundbased meteorologicdidar, and AERONET
data for the spring seasons of 2&¥10. Figure 4.1 showshe dataset included in the

integrative analyses of Asian dust events in our study.
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Figure 4.1 Groundbased and satellite data used in the study (see text for details).

Meteorological datare provided by the NOAA National Climatic &a Center
(NCDC). According to the World Meteorological Organization (WMO) protogcol
SYNOP data report the present weather tjjpee types opresentveather related to dust
events arecategorized asid ust eotrespomdiog t@y i si bi |l ity ingl km),
dusto (1 km<visibility<10 km), aFigure 4i2f | oat i
shows the loca&ins of weather stations fsiaused for analysis

The National Institute for Environmental Studies (NIES) Lidar Network and
Asian Dust Network (ABENet) operate several lidar sites acr@ssst Asia [ittp://www-
lidar.nies.go.jp). We analyzedidar data from four stations (Seoul and Suwon in Korea,
and Toyama and Tsukuba in JapaRjgure 4.2 shows the siteclations The network

employs two wavelength lidars operating at 532 and 1064 nm.
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Figure 4.2Locations of ground weather, Lidar, and AERONET sites in East Asia used in

this study.

The AERONET (AErosol RObotic NETwork) is a network of grotbasedsun-
sky measuremerthat provides aerosol properties such as spectral AOD, aerosol volume
size distribution, and single scattering albet@be location of four AERONET stations
(Dalanzadgad and XiangHe in China, Gwangju in Koaga Shirahama in Japaig also
shown in Figure 4.2.

The Aerosol Index (Al) retrieved from OMiurais defined as residual quantity
that indicates the departure of the spectral dependence of upwelling radiation relative to
molecular (Rayleigh) scattering. The d&ta(from TOMSand OM) have been used for
sometime to remotely sense Uabsorbing aerosols such as desert deist.,(Huang et
al., 2007, Moulin and Chiapello, 2004jigure B.1 in Appendix presents the OMI Al
fields in the spring of 2007, clearly showing high values ofirAthe dust sources and

transported areas.
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Similar to the Al from OMI, he AOD and Deep Blue AOD at 550 nm from
MODIS-Aqua enablethe regional characterization ofpatiotemporaldistributiors of
aerosa. This study uses the MODIS Deep Blue AOD over thelland thestandard
MODIS AOD productover the ocean together becausethe latter caseAODs are
largely missing over bright surfasesuch as desert and semessert areasThe MODIS
aerosol products are MYDO04_L2 datehosespatial resolutioris 10 km (atnadir). In
addition, RGB images fromnoth MODISTerra andMODIS-Aqua(Level1 data reported
as granules ofive minutes withthe 1 km resolutioh were analyzedo confirm the
presencef Asian dustaind dustcloud mixed scenes.

The CALIPSO products analgd in thischapterare mainly level 2 version.G1
data, includinghe vertical feature msk (VFM), the arosol typethe AOD at 532 nm,
the wlume depolarization ratiolif), the marticulate depolarization ratialj), and the
particulate color ratiod,). As described in Chapter 2, CALIPSO aergsalductsenable
the examination of both theertical and spatiotemporal distribution of dudhe
investigation of dust optical properties over the source and downwind regions, and the
assessment of their radiaivimpact We also used CloudSat data to validabe
discrimination between aerosols and clouds time CALIPSO vertical feature mask.
CloudSat radar is not sensitive to aerosold detects clouds only.

The NOAA HYSPLIT (Hybrid SingleParticle Lagrangiafntegrated Trajectory)
modelhelps totrack themid- and longrangetransport of Asian dust plumeshe model
has recently been upgraded, including improved advection algorithms, updated stability
and dispersion equations, and a new graphical user irgebée perform HYSPLIT

modelingusinga dedicated websitgtp://www.arl.noaa.gov/readyl/.
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The NOAA ESRL (Earth System Research Systengbles thenvestigation of
daily NCEP/NCAR Reanalysidatafrom 1948 to the presenthese data were use¢ao
examine themeteorological conditions of dust events. In this study, the NOAA ESRL

analysis wagerformedat a dedicated websikdtp://www.esrl.noaa.gov/psd/

4.22 Radiative Transfer Code: SBDART

SBDART, aFORTRAN computer coddeveloped by the Earth Space Resear
Group at the University of Californi@anta Barbara, was used to perform radiative
transfer calculations. SBDART considers a plaaeallel atmosphere in which the
radiative fluxes are computed combining the discrete ordinate radiative transfer module
(DISTORT) and lowresolution correlated-#istribution 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 representativ

mixtures of nonspherical (spheroid) dust mixtures (see Chapter 3).

4.2 3 Methodology

We developed a methodology to identify CALIPSO tracks in -thdagn
conditions in the regions of interest goelrform integrative analysis of selected tracks in
conjundion with multi-satellite and grountiased observations on a cdisecase 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 trackptir optical parameters including the layer integrated
volume depolarizationatio, the layer integrated particulate depolarization ratio, the layer
integrated particulate color ratio, and aerdagkr optical depth at 532 nm were analyzed
to examine their characteristic features in each source region, followed by examination of
their changegluring the dusttransport In addition, CALIOP AODs at 532 nm were
compared to MODISAqua data in each case. For this comparison,seleced the
closestfootprint of MODIS-Aqua corresponding teachfootprint along theCALIPSO
track, and the 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 appliedh®study of Asian dustwhile
Chapter 5 presents the results éther major dust sources. For Asian dust, our emphasis
was on the source regions, mainly th€aklamakan Desert (36P0°N, 78%-90°W) and
Gobi Desert (3849°N, 94%116°W) and downwind regions affected by miand long
range dust transport (includingprea (30240°N, 1242132°W), Japan (3642°N, 132%
146°W), Western Pacific Ocean (280°N, 150%180°W), Middle Pacific Ocean (28°
48°N, 180%140°E), Eastern Pacific Ocean (288°N, 140%120°E)). Although dust
eventsmayoccurall year roundthespringseasorhas the highest dust activity.

Figure4.3 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 demonstate how the developed methodology was appicednalyze Asian
dust eents on a casky-case basishere we present in detail the results for selected
events in the source regions and transported afé@&ssection beginby discussinga
dusty day (March @ 2007) whenCALIPSO passed over both the Taklamakan Desert
and the Gobi Deseras shown in Figure 4.4 henit presentshe results for midange
transport cases (Mar@0, 31,andApril 1, 2007 over South Korea and Japand finally,

it examines theases of long-range transpodust May 9, 10, 12, 13, and 15, 2007).

Tt e . e 4
/ \ , ?
/"‘ /

f \ r?}& Mayio May‘12 May13

Figure4.4 CALIPSO orbitsfor selected daydiscussed in section 4.Botted lines are for
the dust casem the source areagoubledotted lines for the midange transportases
and solid lines for longrange transport.

4.3.1Characterization of Asian Dustin the Taklamakan and GobiDeserts
4.3.1.1The March 30 Case(daytime)

Figure4.5 shows the true color MODIS image augmented by the meteorological
observations of present weathigpes (dust storm, blowing dust, and floating dust)

(Figure 4.5apnd coincident retrievals of Aerosol Index from GMira (Figure4.9b).
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Figure4.5 Integratedanalyse®of Asian dust eveston March 30, 2007: (a1ODIS-Terra
and ground observatia of present weather, antb) MODIS-Terra and OMI-Al.

CALIPSO tracks are shown by yellow lines.
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Meteorological observatioren this daycleaty show the presence of dust events
in both the Taklamakan and the Gobi regiespecially strong dust storms in the Gobi.
High values of Aerosol Index (Al) confirm that there was a heavy loading of dust in the
atmosphere on that particular day. It was suggested that Al >0.7 serves as a good
indicator of the presence of dust (Progpet al., 2002). Clearly, Al is much higher than
0.7 in the region of interest.

Figure 46 presents the spatial distribution asmmeproperties of dust determined
from CALIPSO over the Taklamakan on Mar@®. The profile of the attenuated
backscatter co&tient at 532 nmis shown in Figure 4(8). An enhancedbackscattering
signal is clearly detecte&igure 46(b) shows CALIPSO vertical feature mask (VFbf)
version 2 (right) and 3.01 (left), and Figure 4.6(c) demonstrates the aerosol types of
version3.01. Examining the VFMand aerosol subtype Figure 46(c), one can notice
that CALIPSO does identifgustbut in some instances aerosol (dust) is misclassified as
clouds.The deep blue AOD (Figure 4.6(d)) and true color image from MOAYGa
(Figure 4.6f)), and Aerosol Index (Al) (Figure 4.6(e)) confirm that there was a heavy
dustloading The case othe daytime orbit on Marct80, 2007 over theTaklamakan
Desertshows a good exampt# the misclassificatiorof dust aerosols as clouds due to
the similaity of scattering properties between the dense dust layers and the optically thin

clouds.
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The dust properties over the Taklamakan were further analyzed using the layer
integrated volume linear depolarization radig.yes the layer integrated particulate linear
depolarization rati dy jayes @€rosclayer optical depth, and the layer integrated particulate
color ratio retrieved from CALIPSO. The results of this analysis are shown in Figure 4.
The vertical structure of aerosol layers is shown as a functitimeddtitude (about sa
surface level) along the CALIPSO orbit segmehte ®lor of each identified layer
shows the range of values @) dy,jayer and (b)d, 1ayer Shown at the right side of figure.
Numbers in different colors give values @fayer (in red) dyayer (in blue), the AOD (in
black) and the layer integrated particulate color ratio (in vidiet)each dust layefThe
high values ofl, ..yer in Figure 4.7(ajpreindicaive of dust Examining Figure4.7(a) and
(b), one can noticéhat d, .yer and dy 1ayer Changewith height as well as horizontally along
the CALIPSO trackThed, e Valuesvary from 0231to 0853 with an average value of
0.443 This confirms that dust in the Taklamakiartomposed of nonspherical particles.
However,high value of d, .y in high altitude up to around 4 km (surface is 1 km) as
well as in low altitudse are found.The differencen the valuedbetweend, ayer aNAdy, jayer
might bedue tothe mass concentration of dust partickecause thevalue of d, jayer
depaxds on bottithe nonsphericity of dust and tlemountof dust.The gray shaded bars
in Figure 4.7(b)denotethe negative values af, ... The large number of gray shaded
barsindicates thatproblems still remain i, .y in thelevel 2 version 3.01 COP data
underheavy dustconditions The Uy jayer ranges from 0.172 to 0.582, with an average
value of 0.285. In Figure 4.7(a), yer Nas very high values near the surface (higher than
0.35) and lower values above 2 km. This fact suggeststtisatikely that coare dust

particles arenot well mixed vertically.
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The G, 1ayer Varies from 0.427%o 2.361,with a relatively high average value of 0.917,
indicating that coarse dust particles dmminant in the Taklamakan Desehs seen in
Figure 4.7(b) Gy ayer also shows high vertical variation, having high values near the
surface (1.278) and laav values above 3 kmThesevertical variations i, yer andac,,

ayer iINdicate thatthe lidar ratioS; must alsovary, and the CALIPSO retrievals, which
assune thatS, is constant for desert dust, miag biasedThe AOD ranges from 0.006 to
2.666, wth an average value of 0.869 (Figure 4.7(B)yure 47(c) shows theCALIPSO

total aerosol optical depfilom version 2and version 31, i.e., the sum of aerosol optical
depth of individual vertical layers over a given CALPSO footpaimd the MODIS dge
blue from MODISAqua. The aerosol optical depth from CALIPSO versiodl3s in the
range from 0.427 to 2.361, while those values of CALIPSO version 2 are unrealistically
low. The MODIS deep blu&AOD from MODIS-Aqua is up to around 2.4 he AOD
values in vesion 3.01 seem to be improvédm the unrealistically low AOD in version

2. Howeverthelarge differencen AOD values(up td?) betweenCALIPSOversion 3.01

and MODISAqua indicate that the aerosol lidar ratio,Selected for lte CALIPSO
algorithm could be inadequate.

The results of analyses of dust over the Gobi are presented in Ei§umich is
organized similarly to Figure.@to facilitate comparison. There were strong dust storms
on March 30, 2007 in this region demomated by meteorological data and high Al
values (see Figure$.8(e). The CALIPSO lidar measures strong backscattering signal
(see the image in Figuré.8@)). However, again the vertical feature mask wrongly
classifies dust as a clodee blue area beter 4f and 47). This feature is confirmed

by the image of CloudSahownin Figure 43(e)
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(a) 7 Version 3.01 Version 2
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Figure4.8 Same as Figure 4.6, except fbe Gobi Desert oMarch 30, 2007.
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Thus our analyses reveal a consistent problemthe CALIPSO algorithmsin
discriminating dust fromclouds which will need to be addressed to improve
characterization of dust in the source regions

Figure 4.9 shows that, ... has very high values near the surface (higher than
0.35) and lower values at8km. However,d, n.yer ShOwsan evendistribuion of high
values at 34 km in Figure 4.9(b) This is similar to thed, nyer and dp, 1aer behavior
discussed ah@ in the Taklamakan cas&his fact might suggest that the coarse dust
particles are well mixed verticalland the nonsphericity effect is similar between
Taklamakan dust and Goldust. The vertical distribution of the layer integrated
particulate coloratio, varying from 0.454 to 4.808upports that the coarse patrticles 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)
showsgoad agreement betwedPALIPSO version 3 AOD the MODIS Deep Bl4€©D,
although the high variation of CALIPSO AOD retrieved with the version 3 algorithm

seemainrealistic.
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Figure4.9 Same as Figure 4.7, except fbe Gobi Desert oMarch 30, 2007.
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4.3.12 The May 7 Case(nighttime)

Figures 4.10 show theresults of analysis for the dustise inthe Taklamakan
Deserton May 7, 2007. Thereare no true color imagefrom MODIS and OMI Al
because two figres are the results from nighte CALIPSO dataFigure 4.0 shows that
there was a dustventover the Talkhmakan Desert othat night The total backscattering
coefficient in Figure 4.0(a) showshigh values over the desert, and the VFM in Figure
4.10(b) indentifies that both dust and cloudsere presenvbver the Taklamakan. The
cloud detected at a higher &ltle of about4.5-6 km between 40.531° is likely a
misclassified dust. Figure A@) supports this fact that there were no cloud signals

betwee1°-41.5° from the CloudSat data

€)) (b) 2=cloud,3 (Orange) = aerosol
: 15
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Figure4.10 (a) Attenuated backscatter coefficient at 532 o) verticalfeature mask
from version 3.01,(c) aercol subtypefrom version 3.01 fromCALIPSO, and (d)

Reflectivity (dBz) from CloudSat ovehe Taklamakan Desert day 7, 2007.
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Figure 4.11 shows that the dust layer spreads from the surface to ~5 km. Unlike
the case of M&h 30, values ofl, .- arerelatively low. This might be explained by the
lower concentrations of dust during floating dust events compared to dusts.storm
Another possible explanation is that dust particle nonsphericity differs depending on the
intensity of dust emissien However,high valuesdy, jayerin Figure 4.11(b) indicate that
dust in the Taklamakabesert icomposed of nonspherical particles.

Interestingly, the results afhe dust particulate depolarization ratio over the
sources might be explained by dust particle nonsphericityrémaains during vertical
mixing within the boundary layer, but valuesdf,.- depend on the dust concentration.
CALIPSO observations do not show clear relations between AO@, apd

To summarize CALIPSO observations over the dust sources, Fdbmmpares
the dust optical properties over the Taklamakan and the ExéminingTable4.1, dy ayer
varies from0.042to 0582, andd, ayr distributes from 0088to 2.957, with ahigh average
valueabove0.364 in the Taklamakan Desefthe G, jayer varies from 0.098o 2.361,with
a relatively high average valadove0.9. The Gobi Desert also has a high valu&fyer
up to 3.75 and,ae, With ahigh average value above 0Bhe high values ofi,ayen
might suggest that the nonspheriatyect is similar between Taklamakan dust and Gobi
dust. Dustiayersare detecteat high altitude of 9-10 kmin the Gobi and Taklamakan
Deserts This fact might provide some insighhat these layers lofted to the upper
troposphere around-B0 km can tavel around the glob@Jno et al. (2009) In order to
investigate the relationship between vertical distribution and synoptic meteorological

conditions, ve will investigatehe synoptic meteorological conditioimsthe next section.
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Table4.1 Comparativesummary ofdustpropertiesretrieved from CALIPSO over dust

source regionfor the spring season.

Taklamakan Desert

Date 3/29/2007 3/30/2007 4/1/2007 5/7/2007 5/9/2007
(nighttime) (daytime) (daytime) (nighttime) (nighttime)
Location | 3545N, 83.14E- | 37.09N, 85.8E- | 38.13N,88.11E | 37.0N,82.06E- 37.5N,85.3E-
(degree) 40.03N, 84.52E | 42.03N, 83.BE | 4262N,8667E 41.6N,83.5E 42 A4N,86 87E
Syno_p_tlc Blowing Dust Dust Storm Blowing Dust | Floating Dust Dust Storm
Condition
vertical 11970097 | 09584915 | 0.9286.474 | 1.0187.853 | 0.8989.696
extent (km)
d\,,myer 0.0690.299 0.1720.582 0.1840.621 0.0420.440 0.050.448
(average) (0.15) (0.285 (0.299) (0.167) (0.184)
o jayer 0.111-2.957 0.231-0.853 0.3091.502 0.088-1.264 0.1941.557
(average) (0472 (0443 (0.524) (0.364) (0.461)
Gplayer 0.0981.662 0.4272.361 0.4202.071 0.4662.246 0.3522.097
(average) (0.996) (0.917) (1.097) (0.786) (0.920)
Aerosol 0.0200.772 0.0681.597 0.0331.654 0.0060.613 0.01%1.547
optical depth (0.193) (0.470) (0.354) (0.267) (0.157)
Gobi Desert
Date 3/29/2007 3/30/2007 4/1/2007 3/19/2010
(nighttime) (daytime) (daytime) (nighttime)
Location 36.77N,108.2E- 376N,109.9E 36.14N,11342E- 27.6N, 102.FE-
(degree) 41.08N, 109.6E 39.69N, 109.26E 4019N,11219E 445N, 107.7E
ggggi?it(l)% Floating Dust Dust Storm Floating Dust Dust Storm
Vertical 1.2878.497 1.137-6.264 0.8985.934 0.53211.414
extent (km)
O ayer 0.0700.280 0.1430478 0.111-0.471 0.0250.490
(average) (0.1449 (0.238) (0.205) (0.128)
dp jayer 0.146-:0.650 0.1781.226 0.1060.709 0.0384.734
(average) (0.31)) (0.389 (0.339) (0.390)
Gp,layer 0.4152.359 0.4542.818 0.4252.975 0.1673.750
(average) (0.888) (1.036) (2.157) (0.982)
Aerosol 0.007-0.720 0.036-2.779 0.0532.665 0.0064.574
optical depth (0.262 (0569 (0.511) (0.586)

dviayer: The layer integrated volume depolarization ratio
doiayer: The layer integrated particulate depolarization ratio
- Gplayei The layer integrated particulate color ratio
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4.3.1.3 Synoptic Meteorological Conditions of Asian Dust Events

Undesstanding 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 seamid regions (e.g., the
Taklamakan and GeolDeserts) occur in the condition of wind speed abt@em/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, Unet 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.

1000 005 1010 1015 1020 1025 1030

1000mb Vector Wind {m/=s) Compeosite Mean

Sea Level Pressure (mb) Composite Mean

Figure4.12 (a) 100 mb Vector wind (m/s) composite mean and (b) Sea level pressure
(mb) composite mean over Asia on March 30, 2G8dducedwith the NOAA ESRL

(Earth System Research System)

The dusteventsin the T&lamakan Desert ar¢hought to begenerated by

mesoscale cold wirsdnduced by synoptiscalecold high-pressure system$he cold air
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moves into the Taklamakan basin causingitiséability 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 andating dust episodes in the Taklamakan Desert.
Similar wind pattern occurred in the Taklamakan Desert on May 7, @9Gshown in
Figure4.13. In this case, floating dust present weather was rep@riddu et al. (2003

reported that the mean top height ddist layer in spring is the highest over the
Taklimakan and Gobi deserts and suggested that these two major dust sources are related

to longrange transport in the spring season.

(@) (b)

NOAA/ESRL Physical Sciences Division NOAA/ESRL Physical S: vision.

2 oN T/ 010
100E 110E 120E 130E 140E 60E T0E 80E 90E 100E 110E 120E 130E 140E

1000mb Vector Wind {m/s) Composite Mean Sea Level Pressure (mb)} Composite Meon
~lNT e 11
4 B E 10 12 1002 1004 1006 1008 1010 ”JI‘] I |0I'|’- I DI 6 I 1[“15 . 1020 1022

Figure4.13 Same as Figuel?2, but for May 7, 2007.

The emission of dusin the Gobi is associated with the development of the
synoptiescale cyclones. As shown in Figure 4.12(b), on March 30, 200&ytieptic
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 longrange transport. The transport route depends on specifeEorokdgical

conditions and lifting height. For instance, the Gobi dust can be uplifted to the upper
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tropospherevhenthe Gobi desert is located below downstream of a trough (Tsai et al.,
2008). The lift height can be as large &9 &m. The CALIPSO data sk that in this

case dust can be transported over the Pacific Ocean in the lower and upper troposphere
by the westerly jet strearim the case of the Taklamakan, higitial uplifting is required
becausehedeserts surrounded by mountains of about 5 kigh to the north, west, and

south (Huang et al., 2009).

4.3.2Analysesof Transported Asian Dust
4.3.2.1 Case o& Mid -range Transport

Figure 4.1 shows CALIPSO orbits foa midrange transportasethat will be
presented herdhe dust event started dfarch 30 and then passed over northeast China,
South Koreaand Japan. Figur# 14shows thébackward andorward trajectories for this

event reconstructed with the NOAA HYSPLIT model.

NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL
Backward trajectories ending at 0400 UTC 01 Apr 07 Forward trajectories starting at 0400 UTC 01 Apr 07
GDAS Meteorological Data GDAS Meteorological Data

a——f??@g—/

Source * at 3798 N 13759E
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Figure4.14Backward anddrward trajectories starteat UTC04:00 on Aprill, 2007, at
a location37.97gN and B7.59E and for an altitude (2000 and 2500neters, produced

with the NOAA HYSPLIT model.
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Combining trajectories and CALIPSO VFM, weconstructed the michnge
transport of this dust everfigure 4.15presentghe reconstructed mhrange transported
plume, showing the presence of dust layer (in brown) in each CALIPSO pass. Here we
will use the termdmid-range transport of Asian ddgb refer to transport cases to Japan

or the eastern Japan

Pacific Ocean

L‘!‘%Qla. Circle .
/

Figure4.15 Reconstructednid-rangetransportof an Asiandusteventoriginatingin the
Gobi Desert on March 30, 2007 and transported to the P&ans.The brown color

denotes dust plumes and light blue denotes clouds.
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Examination of theaerosolprofiles shown in Figurd.15reveals that the vertical
structure of Asian dugilumeschanges 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 apparethat dust layers are mixed with clouds. CALIPSO can detect
dust under the optically thin cloudsut no detection will be possible under the heavy
clouds.

Figures4.16 4.19 and 4.22 show meteorological conditions and Al over the
studyregiors on March31, April 1, and April 2, respectivelyUnfortunately, there were
no Als retrieved from OMI on April 1 (Figure 4.19(b)The results of CALIPSO data
analyses for these days are shown in Figdreg 4.18 4.20, 4.21, 4.23and4.24 Again
these figures areorganized similar to Figureg.5-49 and 4.16-4.24 to facilitate
intercomparisonThe gray shaded bairs Figure 4.18(b), 4.21(b), and 4.24@gnotethe
negative values ofi, .yer. The large number of gray shadedrsindicates that problems
still remain ind, jayer in thelevel 2 version 3.01 CALIORundermixed conditions oflust
and clouds CALIPSO data were also compared againsth groundbased lidarsand
AERONET sites located inChina,South Koreaand Japatishownin Figure 4.2. Figure
4.25 shows the aerosol opticdepthfrom AERONET. Figure 4.26 shows grourzhsed
lidar backscatter and depolarization ratio at selected locations as a function of time. Time
correspoding to the CALIPSO overpasses is shown with black vertical lines.

The summary of representative properties of transported Asian dust is given in
Table 42, which may be compared to results in Ta#l& Various differences as well as
some similarities irproperties of Asian dust in the source regions and downwind are

clearly seen

87



(@)

MODIS Terra, 10:30 LST S YNOP 03UTC (11:00 LST at 120E) .. Smface Met. Data
.. Satellite Image 2 * No Speclal Weather : imo e Ra "
ist ' m or ow
2007-03-31 DOY=010 © Floaiing Dust ¥ Blowing Dust ¥ Dust Storm

b U PR
70 75 80 8 9 95 100 105 110 115 120 125 130 135 140 145 150

[EINRE 2005 Fob 131230 14| MOOISTAITerradKM 20070331_doy0R0_ww.ps

(b)
MODIS Terra, 10:30 LST OMI Aerosol Index (Al, 12:00 LST

... Satellite Image 1.0 1.0-1 ® 15-2.0
20—25 025-30 ® 3.0-35

200.7-0._3—3Il DOY=090 . @35-40 @40-99 @99-

70 75 80 8 9 95 100 105 110 115 120 125 130 135 140 145 150

2008 Fob 6115030 GMT_MODIS1ASTems0IKM20070331_doy0n0_MODO_TOMS-ALps

Figure4.16Same as Figuré.5, except foiMarch 31, 2007.
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(a) Version 3.01 Version 2
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Figure4.17Same as Figure 4.6, except tbe East China oMarch 31, 2007

89



iolet:G,

:Uy, Black: AOD, V

Red

Up,

. (a) Blue

iy
wes
p— 03

saad

39092 40.81 S41. 7O

Z9.03

8.1

Z7.25

AOD, V

Red

4 .58

(b) Blue

Latitude (degree)

G

iolet:

Uy, Black:

U,

Smili

Y
fnTa
SeAS

sl
RET

3992 4081 A41L.FO

35.35 I7.25 zs.14 o003
Latitude (degree)

25.47

za.58

AOD CALIPSO, blue

(c) Black

AOD MORAgua

Deep Blue AOD, Red

_:_:_:_,@_:: _;_:_: I

-

_:_,,_:_:_:_:_j_:_, _;_:_:_:
" o

-

aQ

38
Latitude (degree)

38

34

WNlarch 31 2007.

Ina O

.7, except foithe East Chi

4

igur

Figure4.18Same as F

90



(@)

MODIS Terra, 10:30 LST SYNOP 03UTC (11:00 LST at 120E) .. Surface Met. Data
.. Satellite Image * No Specml Weather ~ ® Smoke Haze
o Mist © Fog v Rain or Snow

45 2 00 7—04 -01 DO Y—091 ® Fi loalmg Dust v Blowing Dust ¥ Dust Storm

3
40 4

35
30

25 - e "
70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150

[ST%p] 2008 Feb 191232 15: MOOIS143TerraO B M 20070801 _doy081_ww.ps

(b)
MODIS Terra, 10:30 LST OMI Aerosol Index (Al), 12:00 LST
.. Satellite Image gg—;(s) - ;g—;g : ;z—gg
2007—04—01 DO Y—091 ©35-40 @40-99 ®99-
55 ~ - -

50 -
45 1

40

35

30

25 4 4 - '
70 75 80 8 9 95 100 105 110 115 120 125 130 135 140 145 150

[EMR0 2006 Feb 19165520 GMT_MODIS143Tena0KMI00TOM01_doy081_MODOE TOMS-ALps

Figure4.19Same as Figuré.5, except forApril 1, 2007.
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(a) Version 3.01 Version 2
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Figure4.21Same as Figuré.7, except fordapan orpril 1, 2007.
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Figure4.22Same as Figuré.5, except forApril 2, 2007.
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Figure4.24Same as Figuré.7, except fothe western Pacific Oceam April 2, 2007.
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Figure 4.25 Aerosabpticaldepthfrom 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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Lidar Observation at Seaoul, Korea
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Figure4.26Backscattered signal and depolarization ratio at 382wer (a) Seoul and
(b) Suwon in Korea, over Toyama (c) and Tsukuba (d) in Japan distributed by National

Institute for Environmental Studies (NIES) Lidar netwdnkg://www-lidar.nies.go.jp/).
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