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A B STR A C T

A sian dust events during  IN TEX -B w ere analyzed by using chem ical and physical 

in situ  m easurem ents taken by instrum ents on board a N A SA  D C - 8  aircraft during  the 

INTEX -B (2006) field cam paign. From  th is analysis, the three follow ing scientific 

questions about the nature o f  the A sian dust events w ere answ ered: (1) H ow  can we 

identify w hich m ode dom inates in the observed dust plum es, (2) How do the pollutants 

and A sian dust interact w ith eac ': o ther to form  secondary pollutants, and (3) Has the 

pollution  m easured over the rem ote Pacific increased over the tim e interval o f  two 

previous field experim ents (PEM -B 1994 and TRA CE-P 2001) that conducted  research 

o f  A sian dust and pollution  over the w estern rem ote Pacific.

For the first question, DIA L m easurem ents at 588 and 1064 nm  can roughly 

define the dust/pollution  plum e boundary. T he m agnitude o f  w avelength dependence o f  

the aerosol scattering ratios at 450, 550 and 700 nm  as m easured by the nephelom eter 

dem onstrates w hether the plum e contains fine m ode aerosols; w hich is believed to be an 

excellent indicator o f  w hether the A sian dust plum e is carry ing any pollution along its 

transport pathw ay. Based on the w avelength dependence, three types o f  A sian dust 

p lum es w ere identified: (a) Type I - a p lum e dom inated by coarse m ode aerosol, w hich  is 

w eakly dependent on w avelength  (dust), (b) Type II - a  plum e dom inated by fine m ode 

aerosol, w hich is strongly  dependent on w avelength  (pollu tion), and (c) Type III - tw o 

plum es that contained a m ixture o f  both A sian  dust and pollution.
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A H Y SPLIT backw ard trajectory m odel was used to verily  the origins o f  these 

dust p lum es as crossing through desert regions, regions o f  large urban populations, as 

well as m ixtures o f  both. Chem ical data derived from  ion and gas chrom atography was 

used to show  the tracers o f  dust (calcium  ions), aqueous phase pollution (sulfate and 

n itrate ions) and gas phase pollution  (sulfur dioxide).

The second question focused on gas to particulate phase reactions (tine m ode to 

coarse m ode pollu tion  conversions) and used the sam e four plum e cases as the first 

question. Types I and II had 16 and 18 pptv sulfur dioxide, respectively, w hile Type III 

had 78 and 93 pptv, respectively. Both the strong dust and strong pollution cases show ed 

a m ore com plete conversion  w here the tw o m ixture cases suggested incom plete gas to 

particulate phase reactions at the point w here the aircraft intercepted the plum e. To 

answ er the third question, a technique adopted by Dibb et al. (1996, 1997, and 2003) was 

used to show  w hether pollu tion  has increased over the three field cam paigns. T hough the 

data show s an  inherent increase, there is no conclusive evidence for a possible pollution 

increase since no observations from  the source regions exist for the purpose o f  th is study. 

Therefore, the observed increased trends m ay be due to better sam pling techniques and 

m ethods developed for the INTEX -B 2006 field cam paign.
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C H A PTE R I

IN TR O D U C TION

Both the rapid urbanization and industrialization taking place in A sia are expected 

to have considerable effects on  the physical and chem ical properties o f  the atm osphere. 

H ow ever, these im plications are not confined locally or regionally since transport and 

chem ical evolution o f  trace gases and aerosols from the A sian continent signifieandy 

alter the atm ospheric com position  over the rem ote Pacific (D ibb et al. 2003, Z hang et al. 

2003). T here is grow ing evidence o f  A sian  pollution  and aerosol transport capable o f  

reaching N orth  A m erica (Jaffe e t al. 1999). A sia is one o f  the m ost significant sources o f  

aerosol particles on our planet (Stitii et al. 2009). How ever, quantitative studies o f  the 

global transport o f  A sian pollution  are ad hoc issues in order to  address their global 

im pact on  air quality, hum an health, and our clim ate.

A sian dust storm s are extrem e aerosol loading events that tend to produce large 

quantities o f  dust, sm oke, o r haze, w hich are then dispersed over regional or global 

scales. T hese easily  observable particles can illustrate and quantify the nature o f  

transport, transform ation, and rem oval processes along their path (H usar et al. 1998). 

T hough the dust storm s occur at d ifferent tim e periods during the course o f  the year, they 

are usually  stronger in the spring m onths. D uring the spring, the north central and eastern 

regions o f  A sia are plagued by strong, sporadic dust events. These events are natural 

phenom ena that originate in the Gobi desert region betw een north-central C hina and 

M ongolia as show n in F igure 1 .
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Figure 1: Source region o f  A sian  dust, the Gobi desert located betw een north-central 

C hina and M ongolia, and T ibet p lateau located w estern China.

The dust events are caused by strong surface w inds and large-scale low -pressure 

synoptic patterns that are capable o f  d isturbing and lifting large am ounts o f  fine, dry 

soil/sand particles into the free atm osphere. The transport process is also capable o f  

lofting anthropogenic pollution  along w ith tire dust plum es. Rapid increases m 

industrialization in A sia have led to an increase in the am ount o f  pollution  being lofted 

into the dust plum es. R em arkably, the increase in both urbanization and industrialization  

on the Asian continent in the past decades has added an abundance o f  anthropogenic 

aerosols to the atm osphere (X in et al. 2007). As these plum es are carried eastw ard by 

prevailing  w inds, they pass over the polluted regions and draw  up large concentrations o f  

aerosols and o ther pollutants into the free troposphere. Therefore, the A sian dust events
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provide a unique opportunity to exam ine the intercontinental transport and evolution  o f  

A sian pollution.

f  igure 2: The April 1998 "Perfect Dust Storm " w hich affected eastern Asia, the Pacific 

O cean and the United States (Im age from H usar et al. 1998)

O ver the duration o f  the plum e transport, the m ixture o f  Asian dust and pollution 

affect air quality in the areas o f  north-eastern A sia (North and South Korea, eastern 

China, Japan, and extrem e eastern Russia). A t tim es, the pollutant laden plum es can 

transport aerosols across the Pacific O cean, and eventually im pact the areas o f  N orth 

A m erica such as the U nited States and C anada (H usar et al. 1998, Jaffe et al. 1999). A 

transport event that occurred in April 2001, deem ed the largest Asian dust event ever 

observed at the tim e, was observed and studied by Jaffe et al. (1999). They investigated  

the influence o f  this event on the atm ospheric boundary layer over the U nited States and 

concluded that extrem e episodes o f  intercontinental transport can adversely affect air 

quality in regions further dow nw ind from  the orig inal em ission source (Jaffe et al. 2003).
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The decline in air quality as a result anthropogenic pollution  is one o f  the biggest 

environm ental problem s hum an beings face on Earth. Strict environm ental laws have 

been enacted  to rem ediate air quality in m ost industrialized nations (e.g. the U nited 

Sta.es, C anada, Japan, and E urope) such that factory effluents are treated before they are 

d ischarged into the atm osphere. H ow ever, there are cases w here the laws o f  neighboring 

upw ind countries are either less strict or have yet to  be enacted.

The pollution w ithin the dust plum e can undergo various reactions and generate 

secondary chem ical species that can be far w orse than their precursors. Jacob et al. 

(1999) conducted  a study on the effect o f  rising  A sian  em issions on current ozone levels 

in the U nited States. As a result o f  the ongoing increase in A sian pollution, they expected 

an increase o f  ozone concentrations in a range o f  2-6 ppbv in the w estern U nited States 

by 2010 (Jacob et al. 1999). The w estern U nited States is continuously p lagued by poor 

air quality due to frequent episodes o f  inversion layers that cause air stagnation and trap 

autom obile exhaust and factory effluent near the E arth’s surface. T hese inversions occur 

as a result o f  a  com bination  o f  varying w ind patterns and the topography o f  the w est 

coast.

H um an health is also affected by the m ixed A sian dust and pollution transport. 

T he sm og and haze that b lanket large urban areas cause severe health ailm ents am ong 

susceptib le populations, it is generally accepted that severe air pollution  episodes, 

characterized by high levels o f  aerosols and sulfur dioxide, are associated w ith substantial 

excess m ortality (W are e t al. 1981). C hen et al. (2003) conducted a study relating Asian 

dust storm  events to daily m ortality  rates in Taiw an, and concluded a causal relationship 

betw een increased particulate m atter and com bustion  related pollutants (su lfur dioxide,
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nitrogen d ioxide, and carbon m onoxide) w ith excess daily m ortality during the dust 

events. C irculatory  related  deaths rose 2.59%  w hile respiratory' deaths rose 7.66%  w ith in 

48 hours after the dust events had passed (C hen et al. 2003).

A num ber o f  studies had pointed out that the overall increase in percentages o f  

m ortalities due to dust events was not statistically significant, but the increases in 

m ortality rates during  the dust storm s could not be explained otherw ise. They also took 

into account the num ber o f  conflicting studies as to w hich m ode o f  pollu tion (e.g., fine 

vs. coarse m ode) causes the m ost d istress (Schw artz et al. 1996; Levy e t al. 2000; 

D ockery et al. 1992; C astillejos et al. 2000). A  sim ilar study conducted by Y oo et al. 

(2008) relating  Asian dust events to asthm atic children  in South Korea, y ielded sim ilar 

results. They found increased respiratory d istress during the dust events w ith extrem e 

cases o f  d istress requiring hospitalization  w ithin 48 hours o f  the even ts’ passing. In both 

o f  these cases, the pollu ted air originated from  upw ind sources in northern and central 

Asia.

A sian  dust p lum es can reduce the incom ing solar radiation reaching the ground 

(i.e. the so called  the aerosol d irect effect). A n exam ple o f  the d irect effect is the “Perfect 

D ust S torm ” in April 1998 w here the dust p lum e significantly enhanced the optical depth 

o f  the atm osphere, increased the solar radiation reflected back to space, and appreciably 

decreased incom ing solar radiation at the surface w hich lead to  an alteration o f  the 

heating  profile in the atm osphere. This strong dust event created an enorm ous dust 

p lum e that exited the A sian m ainland and traveled across the Pacific to the U nited States 

(Fig. 2). A nother p iece o f  evidence w as the 30%  reduction o f  direct solar radiation, 

observed at the A ER O N ET  stations in the w estern  U nited States (O brecht 2008).
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The aerosol indirect effect is due to the portion  o f  soluble aerosols that serves as 

cloud condensation  nuclei, alter the cloud form ation/dissipation processes, and increase 

the lifetim e o f  clouds (A lbrecht 1989). T he increasing num ber concentration o f  cloud 

droplets along w ith a reduction  in their size can lead to an increase in optical depth and a 

decrease in the am ount o f  incom ing solar radiation to the ground. Leaitch et al. (2009) 

exam ined the effects o f  interm ixed A sian dust and pollution on the form ation o f  cloud 

condensation  nuclei and concluded the coarse particles o f  dust act to accum ulate sulfate, 

nitrate, and o ther particles w hich d im inishes the roles o f  these species in indirect radiative 

forcing but potentially enhances their roles in direct radiative forcing.

The prim ary A sian pollu tion  can be categorized by its source, (industrial 

em ission , b iom ass burning), o r its phase (gas phase, such as SO 2 , N O x, CO , O3, etc; 

particulate phase, su lfate, nitrate, soot, etc). These com pounds m ay involve further 

reactions to form  new  species, especially , the gas phase species m ay bo taken up by the 

aqueous particles to form  the secondary aerosols. Secondary aerosols generated from  the 

interactions o f  A sian pollution  and dust along the transport pathw ays even further alters 

the chem ical nature o f  the troposphere (Leaitch et al. 2009).

The form ation o f  secondary aerosols is dom inated by heterogeneous processes 

that take p lace on the surfaces o f  A sian  dust particles. S tudies have show n that insoluble 

calcium  salts, such as calcium  oxide and calcium  carbonate (CaO  and CaCCh) present in 

A sian  dust can facilitate the oxidation  o f  SO 2 and N O x species to  coarse m ode sulfate and 

nitrate. D uring transport across the rem ote Pacific, the calcium  carbonate fraction in the 

dust can be converted to calcium  sulfate o r calcium  nitrate as the gas phase precursors 

condense as acid aerosols on the dust particles (M cN aughton et al. 2009). C alcium
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silicate and alum inosilicate m inerals are also present in A sian dust at relative am ounts o f  

12 and 6 8 % , respectively. H ow ever, these calcium  species are far less reactive and will 

generate few er calcium  ions in the presence o f  acid aerosols. N aturally occurring 

chem ical radicals, such as hydroxyl (O H ') and peroxyhydroxyl (HO?') radicals, also help 

facilitate these reactions by supplying the extra oxygen atom s needed for oxidation. The 

detailed  pathw ays that illustrate the heterogeneous reactions o f  gas phase pollutants are 

d iscussed as follows.

Sulfur d ioxide is a prim ary constituent o f  m an-m ade pollution  and is responsible 

for the m ajority o f  sulfate based aerosols observed in the A sian dust plum es. The 

m echanism  for sulfate production is heterogeneous in nature but can  go in tw o different 

directions: gaseous to aqueous pathw ay or a pathw ay including gaseous, aqueous and 

solid phases term inating  in the solid phase as illustrated in Figure 3.



CCN P a th w ay

s o 2 (g) *h 2 so 4

Figure 3: H eterogeneous pathw ays for Sulfur D ioxide conversion to Sulfate.

C alcite  (CaCCh), the c h ie f  source o f  reactive (free) calcium  ions in A sian  dust, is reported  

to  m ake up anyw here from  3.6 -  21%  o f  the m ineral com position  o f  A sian  dust (L iu 

1985).

T he reaction  m echanism  is described as fo llow s:

S 0 2 +  OH- + M  —► H SO 3 +  M, (1.1a)

H SO 3 + 0 3 - *  H 0 2‘ +  SO 3 , (1.1b)

and

SO3 + H20  —* H2SC>4 (aq)- ( l . lc)



I f  M represents w ater drop lets  or o ther aqueous phase species, then the resulting  

sulfate aerosol w ill rem ain  suspended and can becom e nuclei for cloud condensation . If  

M represents solid phase species such as dust particles (A sian  dust in particular), then  the 

resulting  sulfate w ill react w ith the chem ical species present in the dust (prim arily  

ca lcium ) and form  a soluble su lfate coating. T he rem oval o f  su lfates from  the 

atm osphere is either by precip itation scavenging w hen the sulfates act as C C N  or by 

gravitational settling  w hen the sulfates becom e bound to  the m ineral dust lattices. The 

fo rm er w ill tend to form  fine m ode aerosols and the latter w ill form  coarse m ode ones.

N itrogen oxides are a class o f  gaseous n itrogenous species that are extrem ely 

reactive. They include n itric  oxide (N O ), d in itrogen d ioxide (N 2O 2), nitrous oxide (N 2O), 

n itrogen d ioxide (N O 2 ) and d in itrogen pentoxide (N 20 5). Som e are photochem ically  

reactive w hen they are exposed to u ltravio let radiation, and release single oxygen atom s 

tha t act as radicals and form  other secondary  com pounds (e.g. production  o f  stratospheric 

ozone v ia the C hapm an cycle). They can all oxid ize to form  nitric  acid and subsequently  

n itrate aerosol through a  pathw ay very  sim ilar to  sulfur dioxide.

N O  + 0 3 N 0 2 + 0 2, (1 .2a)

and

NO2 + OH' + M  —* HNO3 (aq) + M . (1.2b)

A gain  i f  M is an aqueous species, subm icron n itrate aerosols w ill form  as opposed 

to  superm icron aerosols that are form ed as a resu lt o f  n itric  acid reacting  w ith  the calcium  

com pounds in the dust. F ine n itrate norm ally  does not serve as CCN  in contrast to fine
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sulfate. O nce aqueous phase n itrate aerosols form , they w ill either react w ith am m onium  

to form  am m onium  nitrate (NH4NO3) aerosols o r be scavenged by w et rem oval processes 

such as precip itation  events (Jordan et al. 2003). C oarse m ode nitrate is rem oved by the 

sam e process as coarse m ode sulfate, w hich  is by dry deposition .

A m m onia gas is the th ird  m ost abundant n itrogen contain ing gas in the 

atm osphere. It is usually the w aste product o f  biological processes tha t occur w ith in  

nearly  all living organism s and is found in abundance in the atm osphere, land, and ocean. 

T hough it is only  one o f  the chem ical tracers as being b iogenic source, the am ount o f  

am m onia released by anthropogenic activities, such as agriculture and industry, rivals 

th a t o f  natural sources. A m m onia is also the only constituent in the atm osphere that can 

neutralize the acid ic gaseous oxides o f  su lfur and nitrogen, thus rem oving them  from  the 

atm osphere. W hen observed w ith in  A sian  dust plum es, the am m onium  species are 

usually  indicators o f  reactions betw een am m onia  and the gaseous precursors on  dust 

surfaces (Jordan et al. 2003). M any pow er p lants and factories utilize am m onia gas to 

trea t and neutralize acid gas effluent (e.g. SC R  process). T his offers an  explanation  as to 

w hy am m onium  ions are usually presented  w ith sulfates and n itrates in po llu tion  p lum es 

(D ibb et al. 2003). T hese reactions are heterogeneous because gaseous am m onia  can  

readily form  am m onium  ions in the presence o f  m oisture, and then the am m onium  ions 

react w ith sulfur d ioxide and n itrogen d ioxide to form  am m onium  sulfate and n itrate 

species as follow s:

H2S04 (aq) -------- > (NEUhSCU (aq)

HH3 (g )------->

HNO3 (aq) ------- -> NH4NO3 (aq)
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C arbon m onoxide (CO ) is a byproduct o f  the com bustion  o f  volatile  organic 

carbon  (V O C ) com pounds found in fossil fuels and biom ass burning. It can also  be 

form ed by the pho to-oxidation  o f  anthropogenic m ethane in the free atm osphere, 

m ajor source o f  carbon m onoxide in the atm osphere is not well understood though 

anthropogenic processes are dom inant as it is estim ated  that approxim ately tw o-th irds o f  

to tal C O  com es from  anthropogenic activities. C O  has a long residence m e as 

com pared to o the r gaseous tracers and is slow  in reacting  to form  secondary aerosols (its 

prim ary  rem oval process is reactions w ith  O H  radicals). T herefore, it is a  good tracer o f  

pollu tion  because it rem ains relatively invariant in concentration  during the transport 

process o f  A sian pollu tion  w ithin the A sian  dust p lum es.

O zone exists in several layers o f  the atm osphere. S tratospheric ozone production 

v ia the C hapm an m echanism  is g iven as

O 2 + h v —► O* + O*, ( l-3 a )

and

O* + O 2 +  M - + O 3 + M , (1.3b)

w here the oxygen radical (O*) is extrem ely  reactive w ith  o ther d iatom ic oxygen 

m olecules to  form  ozone. A suggested tropospheric ozone m echanism  involves the 

photochem ical reaction  betw een reactive n itrogen species given by
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N O 2 + h v -\— > O* + N O (1.4a)

O* + O 2 + M - + O 3 + M (1.4b)

N et reaction: N 0 2 + O 2 + hv —* N O  + O 3 (1.4c)

O zone created in the m iddle to low er troposphere is usually branded a pollutant. 

D uring the daytim e, ozone term ed as “ in  situ” is generated  by the photodecom position  o f  

reactive n itrogenous com pounds that release oxygen radicals into the atm osphere. T hese 

reactive com pounds are m ost often  associated  w ith  anthropogenic pollu tion  and are 

responsib le for the photochem ical sm og incidents that constantly p lague m any urban 

areas on  Earth.

O ne class o f  reactive n itrogenous com pounds being scrutin ized in recent studies is 

peroxyacety l nitrate (PA N ) (Jacob et al. 1999). PA N  (C H 3C O O 2N O 2 ) is form ed by the 

reaction  o f  tw o-carbon volatile organic hydrocarbons (V O C ) w ith oxygen and n itrogen 

d ioxide as follow:

O H  * +  C H 3C H O  —* H 20  + C H 3CO  % (1.5a)

C H 3CO* —*■ C H 3C O O 2 * (photo-oxidation), (1.5b)

and

C H 3C 0 0 2* + N 0 2 «-► C H 3C O O 2N O 2 . ( 1 .5c)

It is form ed usually in the daytim e through hom ogeneous photochem ical 

m echanism s but can  decom pose into V O C s, N 0 2, and oxygen radicals during  the night. 

Since N O 2 and radical oxygen are im portant species in ozone generation, PAN  serves as
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a facilitator for ozone production  in the troposphere and thus indirectly  contributes to 

high concentrations o f  ozone.

P revious studies related  to the transpacific  transport o f  A sian  dust and pollution , 

such as the 1994 Pacific E xploratory  M ission W est Phase B (PE M -B  1994) and the 2001 

T ran sp o rt and  C hem ical E volution  over the Pacific (TR A C E -P  2001), have found links 

betw een dust events and a possible increase in both strength  and d istance o f  po llu tion  

transport. A lthough A sian  pollu tion  and dust can  occur year around, the dust events are 

m ore prevalent during  spring m onths than o ther seasons (D ibb et al. 1997). T his w as the 

m ain  finding o f  the PEM -B (1994) study as analyzed by D ibb et al. (1997). The T R A C E - 

P (2001) cam paign did m ore extensive sam pling o f  A sian  dust outflow  and concluded 

tha t the observed increase in A sian  po llu tion  could  not be explained by stronger storm s or 

lack  o f  scavenging (D ibb et al. 2003). H ow ever, these studies w ere conducted  in close 

proxim ity  to  the A sia and in the v icin ity  o f  the w estern  Pacific O cean as show n in F igures 

4 and 5.
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Intensive
Figure 4: Sum m ary o f  the sam pling regions o f  the PHM-B (1994) Cam paign

Figure 5: Sum m ary o f  the sam pling regions o f  the PHM-B (1994) and TRA CH -P (2001) 

C am paigns

In 2006. a N A SA  led field cam paign. INTHX-B (In tercontinenta l C hem ical 

T ransport E xperim ent -  Phase B), was conducted  during a 12-week period from M arch 

P ' to May 15lh over M exico and over the rem ote Pacific O cean. Phis cam paign was
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divided into tw o parts: (a) study pollu tion  outflow  from  M exico City to the U nited States 

(Part I) and (b) study A sian  dust and pollu tion  inflow  to the U nited States via the Pacific 

O cean (Part II). The INTEX -B study contained a w ealth  o f  chem ical and physical data 

taken from  instrum ents on board a N A S A  D C - 8  aircraft. Both parts aim ed to understand 

the transport and transform ation  o f  gases and aerosols on transcontinental and 

intercontinental scales as well as assess the ir im pact on air quality and clim ate (Singh et 

al. 2005). T he second part o f  the IN T EX -B (2006) field cam paign w as chosen as a basis 

for th is study because it involved sam pling m ore over the eastern  Pacific and closer to the 

U nited  States.

Pant II o f  IN T EX -B targeted  the fo llow ing five m ain goals: (1) to quantify  the 

transpacific  transport and evolution  o f  A sian  pollu tion  to N orth  A m erica and assess its 

im plications for regional air quality  and clim ate, (2) to  investigate the transport o f  A sian  

to N orth  A m erica and assess its im plications for A m erican air quality , (3) to  validate 

and refine satellite  observations o f  tropospheric com position , and (4) to m ap em issions o f  

trace gases and aerosols and relate atm ospheric com position  to sources and sinks (Singh 

et al. 2005). T his study w ill focus m ainly on data taken from  D C - 8  in-situ m easurem ents 

over the rem ote regions o f  eastern  Pacific O cean.

Physical and cheinicai approaches are used in th is study to  address the fo llow ing 

three scientific  questions:

(1) How' can we identify w hich m ode (fine or coarse) dom inates in the observed 

dust p lum es?

(2) H ow  do the pollu tants and A sian  dust interact each o ther to form  secondary 

po llu tants (i.e. explain  and quantify various heterogeneous chem ical reactions w ith in  the
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dust p lum e)? D oes the presence o f  A sian dust catalyze the conversion  o f  gas phase 

pollu tants to  particle phase ones?

(3) W hether the pollu tion  m easured over the rem ote Pacific has increased since 

the early  1990s during  PE M -W E ST  B (1994) and T R A C E -P  (2001) field experim ents?

To answ er the above three questions, w e have set up three objectives, 

respectively , in th is study as: (1) investigating  the m icrophysical properties o f  the A sian 

dust as related  to A sian  pollu tion, (2) exam ining the chem ical constituents and 

in teractions pollu tants derived from  A sian  pollu tion  present w ith in  the dust plum es, and 

(3) investigating  the dust and pollu tion  d ifferences w ith in  the rem ote Pacific am ong these 

three field experim ents.
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C H A PT E R  II

D A TA  A N D  M ET H O D O LG Y  

Instrum entation

T he data, used for this study w as taken  solely from  D C - 8  a ircraft m easurem ents 

over the eastern  Pacific O cean. A b rie f descrip tion  o f  the instrum ents includes: (a) for 

physical properties o f  the p lum e -  D ifferential A bsorption  L idar (D IA L) and 

nephelom eter, and (b) for chem ical properties o f  the p lum e -  ion chrom atography, gas 

chrom atography, m ass spectrom etry , d iode laser spectroscopy, and chem ilum inescence 

data. T he types o f  m easurem ents used in th is study include: (1) pressure altitude, 

longitude, and latitude (i.e., flight track), (2 ) physical properties -  aerosol scattering 

ratios at 550 and 1064 nm  firom D IA L, aerosol scattering  coefficients at 450, 550, and 

700 run from  nephelom eter, and A ngstrom  exponent and spectral curvature values 

inferred  from  nephelom eter, and (3) chem ical properties -  bulk ions (calcium , nitrate, 

sulfate, and am m onium ), subm icron aerosols (fine aerosol sulfate and n itrate), and gas 

phase species (su lfur d ioxide, carbon m onoxide, ozone, and PA N ).
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DIA L

T he D ifferential A bsorption  L idar (D IA L ) m easurem ent system , developed by 

N A SA  Langley, m easured aerosol backscattering  and tropospheric ozone levels in four 

channels: tw o in the u ltravio let (U V ) and one each in v isib le and in the infrared (IR ) parts 

o f  the electrom agnetic (EM ) spectrum , to quantify the am ount o f  ozone and aerosol 

loading, respectively  (B row ell et al. 2005). T he vertical resolu tion  o f  the D IA L 

m easurem ent system  w as 30 m , a horizontal resolu tion  o f  2.3 km  and a 10 s tem poral 

resolu tion  along the D C - 8  flight track. T he equation  to calculate the aerosol scattering 

ratio, R x(z)  at a  given w avelength  (A,) is given by

R x(z)  = (2.1)

w here /?i(z) and /^ (z )  are the backscatte ring  coefficients (~ r6/A4) b) aerosols and air 

m olecules at altitude z, respectively .

I f  the size o f  particles is m uch  less then the w avelength  (x=2m/X «  1, for som e 

o f  the fine m ode aerosols, r <  1 pm ), then  the backscattering coefficient can  be 

determ ined by R ayleigh schem e. O therw ise, the backscattering  w ill be determ ined by the 

M ie theory  i f  the size o f  the partic les is com parable to the w avelength  o r g reater (x >  1, 

for som e o f  the fine m ode aerosols and all coarse m ode aerosols). U nder the clear-sky 

conditions, the air m olecules fall in the R ayleigh scattering region and the ir 

backscattering  coeffic ient is proportional n> 1/a, . For exam ple, the /^ (z )  at A. - 0 8 8  nm  is 

about 10 tim es greater than that at A=T064 m n under the sam e atm ospheric conditions. 

W hen the dust p lum es and clouds are present, they are m ore probable to  fall in the region
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o f  M ie scattering . A lthough the backw ard scattering  in the M ie region is w eaker than 

tha t in the R ayleigh region, the backscattering  coefficients /?i(z) o f  dust o r cloud particles 

are still m uch larger than their clear-sky background /^ (z ). Therefore, the scattering ratio 

R \(z ) at A,:=T064 nm  is about 10 tim es greater than  that at X=588 nm  in the D IA L 

m easurem ents. Typical scattering ratios Rx(z) are close to 1 for regions free o f  aerosol, 

and 2 to  10 at L=1064 nm  and 0.5 to 1 at L=588 nm  for the dust plum es (O brecht 2008). 

N ote tha t the cloud particles usually have a very large scattering ratio at both w avelengths 

because the backscattering  coefficient is proportional to six th  pow er o f  particle size 

(~r6A.4) (Frisch  et al. 1994).

N ephelom eter

A lthough D IA L m easured scattering ratios can  provide the location  o f  dust 

p lum es, d ifficulties arise in  d iscerning betw een fine (pollu tion) and coarse (dust) m ode 

aerosols in the dust plum es. Thus it is necessary  to  use d ifferent instrum entation  to  finish 

th is task. T he nephelom eter is an  excellent addition  to the DIAL m easurem ents, w hich 

m easures optical properties o f  the dust plum e. For the TSI M odel 3563 nephelom eter 

onboard  the D C - 8  aircraft, aerosol integrated light scattering coefficients at three 

w avelengths in the v isible spectrum  (450, 550, and 700 nm ) w ere m easured. For fine 

m ode aerosols, the aerosol scattering coefficients inversely increase w ith w avelengths 

from  450 to 700 nm , but for coarse m ode aerosols the aerosol scattering coefficients are 

nearly  independent o f  w avelength. T herefore, for fine m ode aerosols, the slope o f  this 

relationship  can be -wen by the AngstrOm exponent (u) The equation  for calculating  a  

is g iven by
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a  =  — [log(Txi/Tx2 > / log(X.i/X2)], (2 .2 )

w here x\\ and x u  are the optical depths at tw o given w avelengths X\ and X,2. T he optical 

depth is proportional to the aerosol scattering  ratio |3\, therefore, the ratio  o f  t xi and Xu  is 

proportional to the ratio o f  Pxi and {3x2. G obbi et al. (2007) pointed out that a  is a  good 

indicator o f  aerosol size in the solar spectrum : a  >  1 represents fine m ode, subm icron 

aerosols; 0 <  a  <  1 represents a  m ixture o f  coarse and fine m odes; a  ~  0 represents 

existing  coarse, superm icron particles.

A m ethod developed by A nderson and O gren (1998) w as used to im prove the 

accuracy and uncertainties o f  nephelom eter data in th is study. C oarse m ode aerosols o f  

nephelom eter data have tw o potential problem s: (1) d ifferent orig ins (com pared to fine 

m ode aerosols) and (2) the M ie scattering effects. The scattering  light o f  coarse m ode 

aerosols is m ore concentrated  into the near-forw ard  lobe, w hich is usually not sensed by 

the nephelom eter due to its design lim itations (A nderson and O gren 1998). T herefore, a 

delineation  size betw een coarse and fine m odes w as set at 1 pm . Particle sizes larger 

than 1 pm  (i.e., A sian  dust) are considered  w avelength  independent (M ie scattering 

reg ion due to m ore forw ard scattering) as the aerosol scattering coefficients are nearly  the 

sam e at the three w avelengths used by the nephelom eter. Particles sm aller than  1 pm  

(i.e. A sian  pollution) show  a strong w avelength  dependence and are strongly  sensed by 

the ner I'hose p a n s ie s  tail in the M ie scattering regim e as they p resen t m ore

backw ard scattering. A nother issue for nephelom eter m easurem ents is the b iasing o f  

sensitiv ity  aw ay from  near-forw ard  scattering, w hich is caused by the geom etrical 

b lockage o f  near-forw ard-scattering  light for angles below  7° and like the previous issues,
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can also  be a source o f  great uncertain ty  due to  the instrum ent design, T herefore, 

correction  factors designed by A nderson and O gren (1998) w ere applied  to the 

nephelom eter data prior to  use in this study.

T he correcting  m ethod o f  the nephelom eter m easurem ents has gone through the 

fo llow ing steps. First, the nephelom eter m easurem ents w ere corrected by calibrating  the 

instrum ent w ith gas particles since they undergo R ayleigh scatteiing  and do not show  the 

near-forw ard-scattering  b iases as do particles close to o r greater than 1 pm  (A nderson 

and O gren 1998). Second, the nephelom eter m easurem ents w ere corrected  to 0° - 180° 

from  its orig inal detection angles o f  7° - 170°. The tem poral resolu tion  o f  sam pling 

averaged roughly  10 s in  order to lim it instrum ent noise. T he scattering coefficients 

derived from  nephelom eter m easurem ents are used to d istinguish  the coarse m ode (dust) 

and fine (pollu tion) aerosols w ith in  A sian  dust plum es.

Ion and G as C hrom atography

C hrom atography w as used to record the volatilized  com pounds that passed 

through a  chem ically non-reactive m edium . D epending on the physical reaction  to  the 

m edium  (relative ease o f  passing  through the m edium ), each com pound w ill have a  tim e 

o f  retention  w ith in  the m edium . The difference betw een gas and ion chrom atography is 

the phase o f  the com pounds being detected  and the type o f  m edium  used, but they both 

operate on  the sam e principle. M ass spectrom etry  involves shattering chem ical species 

into com ponent ions and quantify ing the ir m ass spectra. Each pattern  serves as a 

fingerp rin t for a  particular com pound.

D ibb et al. (1996, 1997, and 2003) sam pled soluble ion and fine aerosol species 

using  ion chrom atography m ethods, and found that the m inim um  detection  lim its for
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calcium  and nitrate are 5 pptv, and soluble am m onium  and sulfate are 10 pptv. Fine 

aerosol n itrate and sulfate had the m inim um  detections o f  3 and 6 pptv, respectively 

(D ibb e t al. 2005). T he tem poral reso lu tions o f  the soluble ion and fine aerosol sam pling 

procedure w ere 360 s and 88 s, respectively. The corresponding uncertain ties for the 

m easurem ents are as follow s: ±10 pptv for calcium , m agnesium , potassium , and nitrate 

ions, ±20 pptv for am m onium  and sulfate ions, and up to ±20%  for both fine aerosol 

n itrate and sulfate. H uey et al. (2005) sam pled sulfur d ioxide gas concentrations using 

ion chrom atography and found m inim um  detection  lim it and instrum ent uncertain ty  to be 

±3 pptv and ±15% , respectively. The sulfur d ioxide concentrations w ere m easured at a 

3 s tim e interval. S ingh et al. (2005) used gas chrom atography to samp! . uN 

concentrations and had instrum ent m inim um  detection F o f  1 pptv  w ith  an 

uncertain ty  o f  ±2 pptv  and tem poral resolu tion  s.

L,node Laser Spectrom etry

)iode laser spectrom etry  is sim ilar to m ass spectrom etry  but instead o f  shattering 

the com pounds, the com pounds are bom barded w ith infrared (IR ) radiation  and their 

atom s are electronically  excited  to  a h igher energy level. This leaves behind spectra that 

can  be used to identify various gas phase com pounds. Sachse et al. (2005) sam pled 

carbon m onoxide gas concentrations v ia this m ethod w ith an uncertainty o f  ±2%  and 

tem poral resolution  o f  1 s.
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C hem ilum inescence

C hem ilum inescence involves reactions betw een chem ical species that w ill 

produce light in a reaction  cham ber. T his is usually done for detecting ozone w ith 

n itrogen bearing  (or n itrogenous) com pounds. They w ill react w ith each o ther to produce 

electrom agnetic radiation  in the form  o f  v isib le o r near v isib le light w hich  is quantified  to 

ou tput concentrations o f  ozone. A very  et al. (2005) sam pled tropospheric ozone using 

chem ilum inescence w ith  an  uncertainty  o f  ±3%  and tem poral resolution  o f  1 s.
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D efine the area for th is study

M e th o d o lo g y

Figure 6: Sum m ary o f  IN T EX -B F light T racks w ith R egion B in O verlay

T he INTEX -B  cam paign com prised  ten  flights conducted  over the eastern  Pacific 

betw een H aw aii and A laska and term inated  in the northern  tier o f  the U nited  States 

(N orth  D akota) as illustrated in F igure 6. T he IN T EX -B  sam pling area w as separated 

into three regions: (1) R em ote Pacific -  any latitude south o f  45.2°N and w est o f  any 

longitude at 137°W, (2) near A laska -  any latitude north o f  45.2°N and w est o f  any 

longitude at 137°W, and (3) near the U nited  S tates -  any longitude east o f  137°W. O f  the 

ten  flight tracks m ade during  the IN T EX -B  cam paign, the m ajor focus o f  th is study 

concerns the eight flight tracks that contain  m easurem ents from  R egion 1 (i.e. R em ote 

Pacific). T here are som e overlaps am ong the three regions w here flight tracks cross in 

and out o f  the pre-defm ed boundaries. O nly the chem ical and physical m easurem ents
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collec ted  by the instrum ents onboard  the DC-8 aircraft over the R em ote Pacific region 

during  the eight flights are analyzed in th is study. Several strong dust events occurred  on 

A pril 17th, A pril 23rd, and A pril 28th over the R em ote Pacific region, as sam pled by DC-8 

aircraft and analyzed in this study.

D efine the dust and pollu tion  plum e

A s discussed above, the dust p lum es, including fine and coarse m ode aerosols, 

can  be easily  identified  by using D IA L m easurem ents o f  aerosol scattering  ratio  at 588 

and 1064 nm . F rom  D IA L m easurem ents, w e can qualitatively  estim ate the follow ing: 

the tim e periods that D C-8 observed the dust/particulate phase pollution by using the 

aerosol scattering ratios at 588 and 1064 nm , the rough boundaries o f  the plum es 

contain ing both  A sian  dust and particulate phase po llu tion  by using the d ifference o f  

scattering  ratio  betw een the tw o w avelengths, and the tim e periods that had cloud 

con tam inations by using the depolarization  ratios. H ow ever, it is d ifficult to 

quantitatively  analyze the dust p lum es by using D IA L m easurem ents alone.

A long the DC-8 flight track , i f  the calcium  concentration  is greater than 100 pptv 

the regions o f  air parcels is defined as “ in plum e o f  A sian  dust” . For identify ing the 

A sian  pollu tion , the background values o f  sulfur d ioxide, ozone and peroxyacety l nitrate 

(PA N ) should  be less than 100 pptv, 40 ppbv, and 0.1 ppbv, respectively  (D ibb et al. 

1996, 1997, and 2003; Singh et al. 2005). In o ther w ords, i f  the m easured concentrations 

during  the D C -8 flights are g reater than the background values, then  the regions or air 

parce ls are polluted.
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Four criteria  or steps w ere established in th is study for selecting  the cases to 

answ er the proposed first question . T hese criteria  are (1) only the observations over 

rem ote Pacific w ere used, (2) D IA L aerosol scattering ratios at 588 and 1064 nm  were 

used to determ ine the tim e periods and altitudes o f  the dust plum es, (3) the locations o f  

all p lum es m ust be in the free atm osphere in order to elim inate any sea salt 

con tam inations and w ell below  the tropopause to  m inim ize the stratospheric air 

contam inations, and (4) the nephelom eter total aerosol scattering coefficient at 450, 550, 

and 700 nm  w avelengths w ere used to identify the fine and coarse m odel aerosols in the 

dust plum es.

In the previous study using IN T EX -B  data (O brecht 2008), the A ngstrom  

exponent ( a )  w as used at both source (A sia) and sink  regions (U nited S tates) to prove the 

existence o f  dust particles and did not, how ever, use the nephelom eter in-situ  

m easurem ents to ca lculate the A ngstrom  exponent during the transport processes o f  the 

dust p lum es. In order to analyze the properties o f  dust p lum es carrying m ixtures o f  both 

A sian  dust and pollu tion , G obbi et al. (2007) proposed a m ethod involving both  spectral 

curvature (8 a )  and a  to track  m ixtures o f  pollu tion  w ith dust. Spectral curvature is 

defined as the change in a  over a range o f  three w avelengths and is useful in separating  

fine m ode aerosols (8 a  < 0) from  m ixtures (8 a  > 0) (G obbi et al. 2007).

The equation  for calculating  8 a  using  the a  m easurem ents at the w avelengths o f  

450, 550, and 700 nm  is as follow s:

8 a  =  a450-700 -  01550-700 (2.3)

M e th o d o lo g y  fo r  A d d re ss in g  th e  F irs t S c ie n tif ic  Q u e s tio n
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T his equation  w as developed from  the previous studies (cited in G obbi et al 2007) 

relating  6 a  and a  to aerosol size d istribution . T he values used for deriv ing em pirical 

relationships in  these studies ranged from  -1 to 1 unit (5 a  is a d im ensionless quantity  as 

is a ) .  In the G obbi et al. (2007) study, they  dem onstrated  that spectral curvature (5a.) can 

be very close to zero under the conditions o f  low  concentration  o f  fine aerosols. By using 

the relationship  betw een 5 a  and a ,  they w ere able to d iscern  situations w here fine m ode 

aerosols w ere dom inant in a m odeled  dust p lum e from  a m ixture o f  both fine and coarse 

m ode aerosols. They further suggested  tha t any appreciable concentration  o f  fine aerosol 

particles (A sian  pollution) could  affect the overall physical properties o f  the A sian dust 

plum e.

T able 1 g ives exam ples o f  m ean A ngstrom  exponent values for desert and urban 

regions in Asia. D esert regions typically  have a  values less than 1 due to a stronger 

presence o f  coarse m ode particles w hile urban areas that are dom inated  by fine m ode 

pollu tion  particles have a  values greater than 1. In the case o f  L anzhou ( a  value close to 

1), th is site is dow nw ind from  the G obi desert w h ich  contributes m ore coarse m ode dust 

partic les to  the pollu ted  air. C oexistence o f  coarse and fine particles is evidenced a t the 

pollu ted  sites dow nw ind o f  arid regions (G obbi et al 2007).
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Site Name Ecosystem alpha

Fukang desert 0.99 ± 0.38

Eerduosi desert 0.42 ±0.41

Shapotou desert 0.71 ±0 .29

Shanghai urban 1.08 ±0 .24

Lanzhou urban 0.90 ± 0.23

Beijing urban 1.48 ±0 .56

T able 1: A nnual M eans and S tandard  D eviations o f  a  M easured at Sites in the C hinese 

Sun H azem eter N etw ork (C SH N ET )

M ethodology for A ddressing  the Second Scientific Q uestion

The crite ria  and steps for selecting cases in th is study u tilized for answ ering the 

second question  are as follow s: (1) the dust plum e was sam pled by D C-8 in situ  at least 

for 10 m inutes in order to analyze the chem ical concentrations, (2) the concentrations o f  

chem ical tracers o f  A sian  pollu tion  w as used to identify the am ount o f  fine and coarse 

m ode pollu tion , (3) a  m athem atical relationship  betw een the am ounts o f  fm e/coarse m ode 

pollu tion  and unreacted A sian  dust in the p lum e w as derived to quantify  dom inant 

pathw ays o f  form ation o f  fine/coarse m ode pollu tion in the plum e. In o rder to  address 

the second question, the fo llow ing assum ptions are m ade: (a) fine m ode aerosol is 

com pletely  soluble and contains m ainiy  aqueous phase HNO3 and H2SO4, (b) the total 

so luble ion data represent both fine and coarse nitrate and sulfate aerosols, and (c) the 

portion  o f  calcium  ions that are not taken by both acids is synonym ous w ith  the unreacted  

A sian  dust fraction. T he m ixing ratio  o f  unreacted  portion  w ill be g iven by the d ifference 

o f  m ixing ratios betw een calcium  ion and the sum  o f  coarse-m ode sulfate and nitrate 

(Fig. 8).

Figure 7 is a  schem atic d iagram  that show s the steps involved in pollu tion  

reacting  w ith  A sian  dust. S tep A  represents the unreacted A sian  dust particles, those are
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quite often  generated  from  desert areas w ith free o f  pollu tion and com posed prim arily o f  

carbonates and silicates w ith very little natural su lfate (Jordan et al. 2003). S tep B is the 

m ixing  process o f  particle phase A sian  dust and gas phase pollu tion  the dust p lum es 

transport over the pollu ted regions, such N orth-eastern  A sia. There is an in term ediate 

step betw een S teps B and C, w hich  dem onstrates the heterogeneous reactions to convert 

gas phase pollu tion  into either aqueous phase fine m ode pollu tion  or a  solid coarse m ode 

m ixture o f  pollu tion  and A sian  dust. For exam ple, sulfur d ioxide and n itrogen d ioxide 

can  react w ith  the calcium  ions o f  the dust p lum es to form  hydrated calcium  sulfate 

(C a S 0 4 • 2 FI2O or gypsum ) and calcium  nitrate (Ca(NC>3 )2 ), both soluble sulfate and 

n itrate species. T he reaction  m echanism s are g iven by the follow ing expressions:

C alcium  Sulfate

C a C 0 3 + H 2 SO 4  «-► C a ^  + S 0 42' +  2H + + C 0 32' (2.4)

C alcium  N itrate

C a C 0 3 + 2 H N 0 3 <-+ C a ~  + 2N O -f + 2FT + C 0 32' (2.5)

Since the bulk ion nitrate data does not account for the stoichiom etric reaction  in 

Eq. 2.5 (i.e. m olar quantities o f  reactants and products involved in the reactions w ith free 

ca lcium  ions to form  coarse m ode nitrate) it is necessary  to m ake the adjustm en t w hen 

calculating  the coarse m ode nitrate fraction. No such correction  is needed for the fine 

(aqueous phase) n itrate fraction. S tep C show s the coexistence o f  both fine and coarse 

m ode po llu tion  w ith in  the dust plum es.
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A B

Heterogeneous Reaction Pathway 

(Intermediate Step)

Unreacted Asian 

Dust Particle
Mixture of Gas and Particle 

Phase Pollution and Asian Dust

Fine Aerosol Mode

H2S 0 4<-> S 0 42- + 2H+

UNO, N O r + H +

C
In Plume Mixture of F ine 

Mode Pollution and 

Reacted/Unreacted Asian 

Dust Particles

Coarse Aerosol Mode

C a C 0 3 +  H 2S 0 4 «-♦ C a ^  +  S O /  +  2 H + 

C a C 0 3 +  2 H N 0 3 *-► C a ~  +  2 N O a-  +  2 H +

<■

Figure 7: M echanism  for reaction  o f  A sian  dust w ith gas and solid phase po llu tion  w ithin 

the plum e.

Calc ium -*- So luble  

Po llut io n  Co at ing  

(C o arse  M o d e )

Unre ac t e d  Dust  F rac t ion
T o tal Unre ac t e d  M o d e

In order for reaction to take place:

To tal Co arse  M o d e  Po llut ion

[C aM] — ([Coarse S O ^ ] + Vi(Coarse N 0 3~]) >  O

Figure 8: D escrip tion  o f  fine m ode and soluble sulfate during Step C
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Ion chrom atography can only m easure the soluble portion  o f  the sam ples 

collected  either by T eflon  filter or m ist cham ber on board DC-8 aircraft. F rom  the 

current ava ilable data, w e can only quantify  total soluble m ode and fine m ode ion data. 

In order to estim ate o ther param eters, an indirect relationship  can be inferred by using the 

m ean total soluble ion  and fine m ode concentrations o f  sulfate, nitrate and calcium . For 

exam ple, the fo llow ing series o f  expressions can be used to calculate the am ount o f  

unreacted calcium  w ith  the aqueous phase pollu tion  (sulfate and nitrate):

[Total Soluble N itrate] =  [Total C oarse N itrate] + [Total F ine N itrate] (2.6a)

[Total C oarse N itrate] =  ([T otal Soluble N itrate] — [Total F ine N itrate]) (2.6b)

[Total Soluble Sulfate] =  [Total C oarse Sulfate] +  [Total Fine Sulfate] (2.6c)

[Total C oarse Sulfate] =  [Total Soluble Sulfate] — [Total F ine Sulfate] (2.6d)

[Total F ine M ode associated w ith  C alcium  ions] =

V2 [Total F ine N itrate] +  [Total F ine Sulfate] (2.6e)

A fter com bining Eqs. 2.6b, 2.6d, and 2.6e, the T otal Soluble M ode is g iven by:

[Total Soluble M ode] =  [Total C oarse M ode] +  [Total Fine M ode] (2.7)

Eq. 2.7 is used to  estim ate the coarse m ode (soluble sulfate/nitrate coating) 

concentrations i f  the total soluble m ode and fine m ode ion data can  be d irectly  m easured 

by D C-8 aircraft. The unreacted calcium  m ode can then be derived by subtracting  total
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soluble course m ode (g iven by Eq. 2.7) from  the total calcium  m ode in the fo llow ing 

equation:

[U nreacted  C alcium ] =  [Total Soluble C alcium ] -  [Total C oarse M ode Calcium  

associated  w ith  acid ic ions] (2.8)

w here

[Total Soluble C alcium ] — [Total C oarse M ode] >  0 (2.9)

T he m agnitude o f  the d ifference betw een the calcium  and soluble coarse m ode 

pollu tion  m ixing ratios is d irectly  related  to  the am ount o f  unreacted A sian  dust. The 

closer the expression  given in Eq. 2.9 is to zero, the m ore com plete the gas to particulate 

reaction  tha t generates the so luble coating  on the dust particle. In the dust-free cases, 

these relationships cannot be used due to lack o f  reaction sites for coarse m ode pollu tion  

to  form  (Fig. 8). In essence, a  negative value w ill result w hich  signifies an  absence or 

defic it o f  calcium  ions or surplus o f  aqueous phase nitrate and sulfate ions; neither o f  

w hich  can be inferred  by the g iven data sets.

R eactions involving am m onium  w ith  n itrate and sulfate occur in fine m ode m ore 

often  than in coarse m ode. T hough neutralization  reactions betw een am m onium  and 

nitrate/su lfate can take place on the surfaces o f  the A sian dust particles, the fine m ode 

pathw ay is m ore favored (Eq. 1.3) (Jordan et. al. 2003). T he m ain reason is the d ifficulty 

in reacting  am m onium  ions w ith calcium  ions on the surface o f  the A sian dust particles as
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they both  behave as bases. The reaction betw een am m onium  and calcium  in the aqueous 

phase can  produce an insoluble calcium  hydroxide fraction  that w ill be unavailable to 

reac t w ith either n itrate o r sulfate.
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C H A P T E R  III

RESU LTS

The First Scientific  Q uestion

F igures 9-11 show  the aerosol scattering ratios at 1064 nm  as m easured by D IA L. 

By inspecting  D IA L plots for the selected eight flight tracks, the dust/'particulate phase 

pollu tion  p lum e, clouds, and dust-free regions and altitudes can be determ ined by 

exam ining the range o f  the values o f  scattering ratios. The aerosol scattering  ratios 

betw een 2 and 10 (yellow  to light orange) m ay account for the observed dust/particulate 

phase pollution  plum e, m ore than 50 are for m ost o f  clouds, and betw een 10 and 50 m ay 

be the strong dust events or m arine boundary  layer clouds. For the m arine boundary 

layer clouds, the scattering ratios ranged from  10 to 50, but the depolarization  ratio 

spherical cloud droplets are quite d ifferent from  the non-spherical dust particles. In order 

to  reduce the m arine boundary  layer cloud contam ination, the dust p lum es selected in th is 

study w ere well above the boundary  layer (>  2 km).

T he depolarization  ratio is another D IA L m easurem ent, w hich  is defined as the 

ratio  o f  the backscattered  signals o f  the perpendicular to the parallel polarization  o f  

backscattered  light, as m easured w ith the em itted  linear polarized  laser. For the spherical 

particles, the depolarization  ratios are norm ally less than 10%. Because the dust particles 

are both in the solid phase and h ighly non-spherical, their depolarization  ratios should  be
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m ore than 10%, but less than those for cirrus clouds (-3 0 -5 0 %  depending on ice particle 

size d istributions, Sassen 1991).
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Figure 9: D IA L P lots for A pril 17, A pril 23, and A pril 25
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Figure 13: D epolarization  P lots during  the case study tim e dates and tim e intervals

A fter carefully  exam ining the regions by using the third and fourth criteria  listed 

in C hapter II, the four tim e periods that m et the requirem ent for further analysis during  

entire IN T EX -B  experim ents w ere selected and indicated by the black circles in Figure 

12. T he selected  four cases used for the detailed  analysis are: the Case I, 2 0 .5 -2 1.5 UTC
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on A pril 17, 2006; the C ase II 1-2 U TC on A pril 29, 2006; the C ase III 3-4 U TC on April 

24, 2006; and the Case IV, 3-4 U TC A pril 29, 2006. All four cases have nearly  the sam e 

vertical altitude from 3 to 7 km. Figure 13 show s the depolarization  ratios for the 

selected  four cases w ith the corresponding values o f  20-30%  for the dust p lum es at 

1064 nm . For 3 out o f  the 4 cases, the depolarization  ratios fall into this range w hich 

leaves only C ase III as having a m uch low er depolarization  ratio. T his m ay be a possible 

case for a  particulate pollu tion  p lum e w ith little dust loading.

A s d iscussed above, the tim e periods and altitudes o f  dust p lum es can be easily 

identified  by using D IA L m easurem ents o f  aerosol scattering ratio at 588 and 1064 nm. 

H ow ever, it is d ifficult to  quantitatively  analyze the dust p lum es by using the D IA L 

m easurem ents, especially for d iscerning the fine and coarse m ode aerosols in the dust 

plum es. T herefore, it is necessary  to use the nephelom eter data to do further study.

N ephelom eter data in conjunction  w ith the technique developed by G obbi et al. 

(2007) are u tilized  to verify w hich  m ode (fine o r coarse) aerosols nom inated  in the 

selected  four dust, plum es. Scattering ratios and A ngstrom  exponent values are used as 

proxies for both  A sian dust and pollution. F igures 14 and 15 show  the observations taken 

from  the nephelom eter, m ist cham ber, and T eflon  filter for the four selected dust plum es. 

A b rie f  sum m ary o f  these observations for each case is d iscussed as follow s.
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Figure 14: (a) The scattering  coeffic ients at three w avelengths (450, 550, and 700 nm ), 

(b) ca lcium  ion concentration , (c) fine su lfate concentration , and (d) the A ngstrom  

exponent a  observed by the TSI M odel 3563 nephelom eter onboard  the DC-8 aircraft on 

A pril 17, 2006. For the A pril 24 case, (e-h) are the sam e as (a-d).
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Figure 15: T w o A pril 29 cases, (a) T he scattering  coefficients at three w avelengths (450, 

550, and 700 nm ), (b) calcium  ion concentration , (c) fine sulfate concentration , and (d) 

the A ngstrom  exponent a  observed by the TSI M odel 3563 nephelom eter onboard  the 

D C -8 aircraft, (e-h) are the sam e as (a-d)
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T he spectral data show  a w eak w avelength  dependence o f  scattering coefficient 

values at three d ifferent w avelengths (Fig. 14a) until a  peak at 2100 UTC appears w here 

the w aveleng th  dependence increases suddenly. Im m ediately after the peak, the 

dependence becom es negligible. The m ean calcium  ion concentration  is about 

272 pptv (Figure 14b), w hich  suggests a m oderate am ount o f  dust w ithin the plum e. The 

m ean fine m ode sulfate concentration  is 89 pptv (Figure 14c), w hich  is considered  below  

the pollu ted  levels. C orresponding to  the spike in the scattering  coefficients, there is also 

a sharp  increase in fine m ode sulfate at the identical tim e w here the values rise to over 

200 pptv. Sim ilarly  to the spectral data, fine m ode sulfate concentration  decreases to 

background (less than 100 pptv) values after the spike. F igure 14d show s that the m ean 

(and standard deviation) A ngstrom  exponent ( a )  is 0.46 ± 0.63, w hich  suggests an 

abundance o f  coarse m ode particles existed  in the plum e. A lthough a negative 8 a  m ean 

value o f  -0.49  is indicative o f  a strong fine m ode aerosol in the p lum e as given by G obbi 

et al. (2007), the A ngstrom  exponent and calcium  ion data indicate that the coarse m ode 

aerosols are dom inant in th is case.

C ase II: A pril 24, 2006

Figure 14e show s a strong w avelength  dependence o f  the scattering coefficien ts at 

three w avelengths. T he scattering  coeffic ients at the shorter w avelength (1=450 nm ) are 

consisten tly  larger than those at the higher w avelength  (X=700 nm ) because the backw ard 

scattering  coefficients decreases w ith  increasing the w avelength  as the fine m ode aerosols 

exhibiting  in the plum e. N ote tha t the scattering  coefficients decreased w ith  the 

increasing w avelengths as show n in Fig. 14e, that is, the observational data dem onstrated

C a se  I: A p ril 1 7 ,2 0 0 6
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the existing  the fine m ode w ith in  the plum e. The low  m ean calcium  ion concentration , as 

show n in Fig. 14 f  (111 pptv, slightly above the background value) and the h igh fine m ode 

sulfate concentration  (277 pptv) also indicate that the fine m ode aerosols are dom inant in 

th is case. T he averaged A ngstrom  exponent a  (Fig. 14h) is 1.53 ± 0.23 and the 8 a  values 

lie m ostly in the negative range w ith a m ean value o f  -0.31, w hich further proved the 

above d iscussions that A sian po llu tion  (or fine m ode aerosols) dom inated  in the C ase II.

C ases III and IV: A pril 29, 2006

C ases III and IV (Fig. 15) w ere observed on the sam e day, A pril 29, but at 

d ifferent tim e periods. T heir scattering coefficients and concentrations fell betw een those 

from  C ase I and Case II (i.e., the m ixture o f  coarse and fine m ode aerosols in  the dust 

p lum es). For exam ple, the scattering coefficients at the three w avelengths are nearly  the 

sam e during  the period  1.3-1.54 U TC w hen the fine m ode sulfate concentration  is low  

(< 200 pptv). A fter that, the sharp peaks occurred  for both  the scattering coefficients and 

fine m ode sulfate concentrations w here the scattering coefficients and their d ifferences at 

three w avelengths strongly correlate w ith  the fine m ode sulfate concentrations. In o ther 

w ords, both scattering  coefficient values and their differences strongly  increased w ith  the 

increased the fine m ode sulfate concentrations (~ 300-400 pptv) as dem onstrated  during 

the period  o f  1.54-1.77 U TC. H ow ever, the d ifferences are not so obvious as those in the 

C ase II because the calcium  ion concentration  (— 1000 pptv) in C ase III is m uch higher 

than that ( - 1 1 1  pptv) in the C ase II. T herefore, the scattering coefficients are dom inated  

by the m ixture o f  coarse and fine m ode aerosols in the C ase III, especially during  the 

period  o f  1.54-1.77 U T C w hen both  C alcium  ion and fine m ode sulfate concentrations 

are high.
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D iscussion

To further confirm  that the four selected  cases originated  in Asia, the back 

trajectory  m odel know n as the H ybrid  Single Particle L agrangian  In tegrated  T rajectory  

M odel (H Y SPL IT ) w as used in th is study. A s m entioned above, all the selected  four 

cases had sim ilar altitudes from  3 to 7 km , thus the outputs o f  the back trajectory  m odel 

w ere selected  at representative heights o f  3000, 5000, and 7000 m in the central part o f  

the p lum es. These heights represent the m ean depth  from  top to bottom  o f  the plum e 

w ith  5000 m eters being the height o f  the “center” o f  the plum e. The tim e interval o f  back 

trajectory  m odel is 6 hours.

F igures 17 through 20 show  the back-trajectory  analysis o f  all the selected  four 

cases. K ey points describing the sim ilarities and differences from  the m odel output 

include: (a) for C ases I and III, the dust p lum es orig inated from  the G obi desert, and (b) 

for C ases II and IV, the dust p lum es passed through the T ibetan plateau. T he transport 

tim e o f  dust p lum es for the four cases in order are around 7.5, 3, 5, and 7 days, 

respectively, to reach the rem ote Pacific regions w here the dust p lum es w ere observed by 

the DC-8 aircraft. H ow ever, the transport tim e w as only approxim ated because the 

m easurem ents w ere not taken at the sam e location. From  previous studies, the dust 

p lum es norm ally take, on average, seven to  ten  days to m ove out o f  the Gobi desert area 

to  the U nited States. T herefore, the m odel outpu ts are 240 hours in duration  in order to 

explore all possible sources o f  the air m asses.

For C ase I, the cen ter height o f  dust p lum es is around 5 km , ranging from  3 to  7 

km. F rom  the back trajectory  analysis, the green line in Figure 17 did not pass through 

central and southern  C hina (the highly  pollu ted  area), and thus, did not pick  up m uch
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urban pollution. T he blue and red lines orig inated  from  the G obi desert area and did not 

pass the highly polluted area. T his especially  held true for the blue line w here the DC-8 

sam pled high calcium  and low  fine su lfate concentrations at an altitude o f  5 km. For 

C ase II, the p lum e w as located around 5-7 km, and sam pled by DC-8 at roughly 7 km. 

T he back trajectory  show ed that the green and blue lines orig inated from  the T ibetan  

p iateau  and d id  pass through highly  pollu ted  areas. T herefore, the outpu ts o f  back 

trajectory  m odel did support the findings from  D C-8 m easurem ents in C ases I and II.

For C ases III and IV, the green and blue lines orig inated from  central C hina, and 

the data suggested a possib le scenario o f  air m asses containing dust p lum es that w ere 

lifted above the boundary layer and passed through m any urban areas. T hese areas m ay 

possib ly  c a n y  m uch higher pollution  during  their transport than in Case I as w ill be 

d iscussed in the next chapter tha t explains the chem ical concentration  o f  the pollution.

T rajectories that com e from  different regions but cross paths over either the G obi 

desert or T ibet p lateau  are also scrutin ized  in order to see how  pollu tion  and dust can  co 

m ingle at various points during the ir transpacific  transport processes. I f  dust p lum es are 

capable o f  carry ing pollu tion  inside them , then the calcium  concentration  should  correlate 

w ell w ith pollution.
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T able 2 gives a b rie f  sum m ary o f  the chem ical and physical properties o f  the

selected  four dust p lum es. T he aerosol scattering  coefficients for C ase I had the w eakest

w aveleng th  dependence, and the fine m ode sulfate concentration  w as also the low est
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am ong all four cases. T hough the calcium  concentration  w as m oderately  elevated 

com pared to background dust loading, th is case carried  m uch less po llu tion  than the o ther 

three cases. From  the back trajectory  analysis, the blue and red lines passed through the 

G obi desert area and did not pass the highly  pollu ted  area, w hich  strongly supports the 

findings from  DC-8 m easurem ents for C ase f: the coarse m ode dom inant. The aerosol 

scattering  coefficients for C ase II had the strongest w avelength  dependence, and the fine 

m ode sulfate concentration  w as also h ighest am ong all 4 cases. The A ngstrom  exponent 

(m ean a  > 1) for th is case suggested  that the dust p lum e w as dom inated  by pollution , 

w hich w as further proved by back trajectory  analysis. For C ases III and IV, their 

scattering coefficients and chem ical concentrations fell betw een those found in C ase 1 

and C ase II (i.e. the m ixture o f  coarse and fine m ode aerosols in these tw o dust p lum es as 

supported by the back trajectory analysis).

M ean

[Ca++]

(pptv)

a
(pptv)

M ean

[Fine S 0 42'] 

(pptv)

a

(pptv)
M ean a a M ean 5 a <7

C ase I 272 44 89 57 0.46 0.63 -0.49 1.61

C ase II 111 24 277 43 1.53 0.23 -0.31 0.63

C ase III 843 304 213 98 0.40 0.36 -0.25 0.97

C ase iV 449 126 234 71 0.60 0.29 -0.23 0.89

T able 2: Sum m ary o f  C hem ical and Physical Properties o f  the Four C ases and T heir 

U ncertain ties as G iven by S tandard  D eviations (a )
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N otice that aerosol scattering  coefficients and the concentrations o f  fine m ode 

sulfate changed over tim e along the flight track  as the aircraft passed through the dust 

p lum e. D uring the case studies, w e found bo th  uniform  and non-uniform  variations in the 

tw o concentrations at the sam e tim e intervals m ay infer the degree o f  m ixing betw een 

A sian  dust and pollu tion  during transport. F igure 21 illustrates a  visual depiction  o f  w hat 

m ay be occurring  in these cases. It should  also be noted  tha t the spectral curvature values 

w ere negative in all four cases. The G obbi e t al. (2007) technique m ay no t be capable o f  

d iscern ing betw een pure coarse and fine m odes. It can  only d ifferentiate betw een fine 

m ode dom inance and a m ixture o f  coarse and fine m odes due to the neglig ib le 

w avelength  dependence o f  coarse m ode particles. N egative values in  these cases m ay 

suggest tha t the fine m ode pollu tion  does dom inate the m icrophysical properties o f  the 

m ixture o f  A sian dust and pollu tion  p lum e. T his m ay be due to the strong w avelength  

dependence as exhibited  by fine m ode aerosols com pared to  the near neglig ib le 

dependence w ith  coarse m ode aerosols and the sensitivity o f  the nephelom eter that 

m easures the scattering coefficients.
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Figure 20: D epiction o f  a  F light T rack Passing T hrough a Poorly M ixed P lum e (a) and 

W ell M ixed Plum e (b) and the C orresponding Fine A erosol D ata over T im e
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T he Second Scientific Q uestion  

C lean C ase

U sing the DIAL plot (Fig. 12b) a dust free case has been picked up, w hich  w as 

located almos^ at the sam e altitude as in Case III. T he clean area had m ean calcium , 

sulfate ion and n itrate ion concentrations o f  30.50, 53, and 23 pptv, respectively. T hese 

values are well below  the in p lum e threshold  but above detection  lim its. T his contrasts 

w ith the m ean fine aerosol sulfate and nitrate concentrations w hich  are 135 and 

75.75 pptv, respectively. The area has aqueous m ode pollu tion but hardly any dust so 

any generation o f  coarse m ode pollu tion  is either negligible or non-existent.
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Figure 24: A pril 29 Second P lum e Case

R esults and D iscussion

F igures 21 to 24 show  the o ther pollu tion  com ponents (e.g. fine m ode nitrate, 

SO 2) and the derived soluble coarse m ode sulfate and n itrate in the plum e. B oth  C ase I 

and II had very low  SCO m ixing ratios in the p lum e (both w ith less than 20 pptv), w hich 

suggested  that either form ation  process o f  su lfate aerosol had taken placed well before 

the m easurem ents or perhaps there w as no such process during the transport. A lso for 

C ases I and II, there w ere no correlations betw een the SO 2 and sulfate aerosol. T hese 

analyses w ere consistent w ith the conclusion in C hapter III. T hat is, w hen the p lum e for 

C ase I exited  the A sian  continent, it did not pass through m any large urban regions w hich 

lead to low  m ixing ratios o f  both  SO 2 and particulate aerosols. W hen the p lum e for C ase 

II exited  the A sian continent, it passed  through num erous urban areas w hich  lead to 

elevated  m ixing ratios o f  particulate pollu tion . T he left over SO 2 m ixing ratios w ere low

56



in the p lum e, w hich  supported our assum ption  o f  the gas phase to  particulate phase 

conversion  taking  p lace before the p lum e reached the rem ote eastern  Pacific because the 

dust p lum e cannot ju s t carry the particulate phase pollu tions w ithout m ixing the gas 

phase pollu tions. The SO 2 m ixing ratios o f  C ases III and IV w ere m uch higher than 

C ases I and II, and SO 2 and sulfate aerosol w ere w ell correlated  (not show n in the 

d iagram ). T his further indicated that m uch higher gas phase pollu tion  existed  in the 

plum e.

M ean [Coarse SO42'] 

(pptv)

M ean [Coarse NO3 ] 

(pptv)

M ean

[Ca++]

(pptv)

M ean

[Unreacted

Dust]

(pptv)

C ase I 115.43 78.80 272.00 117.17

C ase II 68.63 34.89 111.00 24.92

C ase III 91.17 172.58 843.25 665.79

C ase IV 39.71 127.80 449.25 345.64

T able 3: M ean U nreacted  D ust F ractions for C ases I-IV

T able 3 sum m arizes the results for C ases I -  IV. T he generation o f  secondary 

po llu tan ts at the cost o f  A sian  dust and gaseous precursors is related  to the unreacted 

calcium  fraction  left behind after the reaction . C ases I and II had relatively low  unreacted  

fractions at 117.17 and 24.92 pptv, respectively, w hich  suggests a  m ore com plete gas to 

particulate phase reaction  m echanism  tha t took p lace in p lum e w hich left behind very  

little  unreacted A sian  dust as com pared to  the calcium  concentrations. C ases Hi and IV 

had very  large am ount o f  unreacted fractions w ith  values o f  665.79 and 345.64 pptv, 

respectively . T he elevated  levels o f  su lfur d ioxide m ixing ratios suggest an incom plete 

gas to  particula te phase reaction  during  p lum e transport. T his presents an inherent 

contrad iction  since m ore dust should  generate m ore secondary  po llu tion  in the coarse
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m ode as pointed  out by previous studies referenced in th is study. H ow ever, those studies 

d id  not take into account the am ount o f  unconverted  gas phase pollution  tha t m ay be 

present w ith in  the dust plum e.
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T h e  T h ird  S c ie n tif ic  Q u e s tio n

C om parison o f  the dust and po llu tion  vertical d istribution  am ong 3 field experim en ts in 

the rem ote Pacific region

W ith both the increased frequency o f  A sian  dust ev e rts  during the spring  season 

and hum an activities during  the past tw o decades, the two field cam paigns prio r to 

IN T E X -B  (PE M -B  and T R A C E -P) w ere com pared and sum m arized by D ibb et al., 

(2003). T heir study exam ined i f  there w ere significant d ifferences o f  m easured calcium , 

sulfate, am m onia and n itrate m ixing ratio  betw een PEM -B and T R A CE -P. H ow ever, in 

order to investigate the third question, w e adopted the analysis m ethod used by D ibb et 

al., 1996, 1997 and 2003. They u tilized  a b inning and averaging m ethod in order to show  

the collocation  o f  A sian  po llu tion  w ith A sian  dust. They used four height b ins to 

sim ulate four hypothetical parts o f  the atm osphere: (1) less than 1 km  denotes the 

boundary  layer, (2) betw een 1 and 6 km  denotes the low er troposphere, (3) betw een 6 and 

9 km denotes the m iddle troposphere, and (4) all levels greater than 9 km  denote the 

upper troposphere. T he po llu tion  tracers (sulfate, n itrate and am m onium ) as w ell as dust 

tracer data (calcium ) are averaged over the height intervals such tha t a  vertical 

d istribution  is obtained.

F igure 25 show s the vertical d istribution  o f  dust and pollu tion  o f  all 

m easurem ents at rem ote Pacific region during  IN T EX -B (called ‘m ean rem ote P ac ific ’ 

on  the d iagram ), PEM -B (1994) and T R A C E -P  (2001) cam paigns. T he vertical 

d istribution  o f  calcium  did show  the h ighest m ixing ratio am ong the three experim ents, 

and the m ixing ratio  for all three com ponents during INTEX -B are m uch higher than the 

o the r 2 experim ents except at low est height bin (i.e. the boundary  layer). T he m ixing 

ratios o f  the three pollu tion  tracers during  IN T EX -B  w ere m uch low er than those during
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T R A C E -P  and higher than those during  PEM -B. O ne o f  the strongest reasons is ihe 

m easurem ents during  IN TEX -B happened at m uch far aw ay from  the A sian  continent 

com pared to the o ther tw o experim ents, therefore, the p lum e during FNTEX-B 

experienced a m uch longer transport tim e as com pared to the o ther tw o experim ents. As 

a result, less pollu tion  tracers should  be found in the boundary  layer as com pared w ith  the 

free atm osphere.

H ow ever, w ithin the boundary  layer, sea salt aerosols can react w ith  the A sian 

pollu tion  and dust to form  coarse m ode po llu tion  as well. Sea salt particles can behave in 

m uch the sam e w ay as A sian  dust particles in generating  reaction  sites for heterogeneous 

reactions to occur, and these reactions deplete the gas phase pollu tants in the low est 

height bin. It is im portant to note that the standard deviations for all four m ixing ratios 

during  IN T EX -B  (Figure 25) are large, and the further investigation  m ay need to im prove 

the quality o f  the data. I f  the m easurem ents are equally  reliable for all three experim ents 

then Figure 25 suggests three things: (a) increased pollu tion  loading during plum e 

transport processes due to  pollu tion  data, (b) the intensity o f  the dust p lum e has increased 

since the last tw o cam paigns due to dust data, and (c) better sam pling m ethods and 

techniques could  yield  better results.
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R elationship betw een PAN  and O zone w ithin the dust p lum e 

T here are o ther reactions that are occurring  in the p lum e as indicated by 

Eq. 1.5 (a-c). F igures 26 and 27 show  the tem poral and statistical relationships betw een 

PA N  and ozone in C ase II. T he tem poral p lo t show s both PAN and ozone trends that 

m atch  betw een hour 1.05 and 1.25 U TC. O zone levels decrease w ith a corresponding  

decrease in PAN levels. D ata analysis revealed a strong correlation  betw een the iwo 

com pounds w ith in  the p lum e (r =  0.7) during  th is tim e interval. N ote tha t Case II also 

had the h ighest values o f  calcium  in all four cases w hich suggests an enhancem ent o f  

ozone form ation  by PAN . T his contrasts w ith the clean  case w here there w as a  w eaker 

correlation  (r =  0.3) w hile the m ean calcium  concentrations w ere well below  background 

values.

P A M / O z o r j e  C o r r e l a t i o n  I n  P l u m e  A p r i l  2 8  2 0 0 ©  P l o t
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C H A P T E R  IV

C O N C LU SIO N S

D ust events observed over the rem ote eastern  Pacific w ere found to contain 

varying am ounts o f  A sian  pollution. A fter the initiation o f  the dust events on the A sian 

continent, they then passed over heavily  pollu ted  regions, lofted pollution  into the 

atm osphere, then traveled eastw ard  across the Pacific O cean. In this study, the use o f  in 

situ m easurem ents and back-trajectory m odel output data has established a d irect 

relationship  betw een the dust and pollution plum e. Four case studies w ere used to 

illustrate th is connection  by using atm ospheric scattering ratios, as show n by the “ in 

p lum e” results in C hapter III: (a) C ase I is dom inated  by dust particles w ith calcium  

m ixing ratio  greater than 200 pptv, A ngstrom  exponent less than 1, fine aerosol sulfate 

m ixing ratio less than 100 pptv, (b) Case II is dom inated  by pollution plum e w ith calcium  

m ixing ratio 111 pptv, fine aerosol m ixing ratios close to 280 pptv, A ngstrom  exponent 

m uch greater than 1, and (c) C ases 111 and IV had the dust and pollution  co-existing  as 

g iven by calcium  concentrations o f  843 and 449 pptv, respectively, fine aerosol 

concentrations near 220 pptv, and A ngstrom  exponent less than 1. In all four cases the 

spectral curvature w as negative suggesting  any in trusion o f  fine aerosol will influence the 

spectral nature o f  the dust plum es.

A clean, dust free case w as used along w ith the sam e four case studies used in 

addressing  Q uestion Tw o. The clean case had either w eak or negligible concentrations o f  

dust in a fligh< track that is at the sam e altitude as a nearby dust plum e as given by the
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D IA L plot (F ig 12b). O ne m ain finding o f  th is analysis is although the presence o f  dust 

does facilitate coarse m ode pollu tion  generation, strong dust events do not necessarily  

m ean strong generatic  o f  coarse m ode nitrate and sulfate aerosols (i.e. coarse m ode 

pollu tion). Case III and Case IV both had strong dust loading as given by calcium  ion 

m ixing ratios m uch greater than 200 pptv. The unreacted dust fraction resulted  in being 

79%  and 77% , respectively, the total reacted  dust fraction (as given by the m ean calcium  

m ixing ratio). In both these cases sulfur d ioxide m ixing ratios exceeded 200 pptv 

(though the m ean ratios w ere close to 100 pptv) w hich suggests a large fraction o f  

unconverted  gas phase pollution. In C ases I and II, the unreacted dust fractions w ere 

43%  and 21% , respectively, w hile the sulfur d ioxide m ixing ratios w ere well below  100 

pptv w hich suggests m ore o f  a  com plete reaction  betw een A sian dust and aqueous m ode 

pollution .

In addition to the results outlined in the previous paragraph, C ases I and II had 

very low  SO 2 m ixing ratios w ith in  the p lum e, w hile C ases III and IV had elevated SO?, 

m ixing ratios. Since the em ission  over the A sian  continent cannot have significant daily 

variation , the d ifferences am ong the plum e cases contain ing such d ifferent po llu tion  

m ixing ratios can be explained by: (a) the plum e has d ifferent pathw ay over the 

continent, and (b) the process o f  chem ical reactions involving depletions o f  gas phase 

pollu tion  w ith in  the p lum e is different. T hree out o f  four cases, w ith the exception  o f  

C ase 1, had the sim ilar po llu tant pathw ays over the cen ter o f  C hina, as given by their back 

trajectory  analysis. T herefore, reason (a) m ay be ruled out for the d ifference o f  chem ical 

com positions in  the plum es. T he reactions for C ase II have been com pleted  in term s o f  

SO 2 conversion  to su lfate aerosols, but there are still sufficient am ounts o f  SO 2 in
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C ases HI and IV for further' reactions to take place w ithin the dust p lum e along its 

transport pathw ay. If  any dust p lum es sim ilar to C ases 111 and IV reach the N orth  

A m erica, then significant po llu tions such as su lfate aerosols and SO 2 m ay be observed.

A com parison betw een the PEM  W est B (1994) and T R A C E -P (2001) cam paigns 

is show n in Fig. 25. T hese cam paigns sam pled A sian outflow  in the w estern  rem ote 

Pacific and ju s t o ff  the A sian m ainland. T here is a slight increase in the am ount o f  

secondary  pollution  along w ith A sian  dust (as given by their chem ical tracers, sulfate, 

n itrate and am m onium  for secondary A sian  pollu tion; calcium  for Asian dust) betw een 

these cam paigns as show n by the vertical distribution  plots. T his w ould verify a 

collocation  o f  A sian dust w ith A sian  pollution . T hese cam paigns are com pared w ith the 

IN T EX -B  (2006) study. N ote that since no new  pollution  is being added to the dust 

p lum es as they exit the A sian m ainland and travel eastw ard, the findings in the second 

part o f  th is study suggested that the increases in pollution are occurring  m uch farther east 

in the rem ote Pacific during  IN T EX -B (2006) as com pared to the o ther tw o studies. For 

exam ple, n itrate ion m ixing ratios show  a near fivefold increase in the rem ote Pacific 

low er troposphere over previous levels given in the tw o earlier cam paigns.

H ow ever, D ibb et al. (2003) in their com parison study betw een ''E M -B  (1994) 

and T R A C E -P  (2001), suggested that the observed enhancem ents m ay be due to the 

DC-8 aircraft m easuring  well organized A sian  outflow  using better sam pling techniques 

and m ethods (D ibb et al., 2003). T his m ay also  be the case w ith the com parison betw een 

IN T EX -B (2006) and the tw o previous studies and their corresponding data. As a result, 

ex tensive  error analysis m ay be needed to verify tliat there is actually an increase in dust
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and pollu tion  outflow  from  A sia as well as m ore source observations o f  the dust p lum es 

before they leave the A sian  continent.

T he tem poral p lo ts o f  PAN  and ozone show  a close inter-relationship  w ith in  the 

dust plum e. T hough the generation  o f  ozone from  PAN  (and vice versa) cannot be found 

one to one relationship  in th is study, Fig. 26 does show  a sim ilar trend in m ixing ratios o f  

both gas phase pollutants. The correlation  (Fig. 27) betw een the two also show s at least a 

collocation  and further analysis w ould need to be done to state for certain  if  one is 

responsib le for the generation o f  the other.

F rom  th is study, the H Y SPLIT  back-trajectory data indicated tw o possible source 

regions o f  the A sian  dust: the G obi desert and T ibetan  plateau; both are vast regions o f  

terrain  that are continuing to undergo desertification  processes. T he m odel results w ere 

also consistent to the N C E P global reanalysis (not show n in th is thesis). The H Y SPL IT  

data also show ed how  the paths o f  the dust events passed over large populated  and 

industrialized  areas o f  A sia. T his finding is slightly d ifferent from  form er study w hich 

u tilized  solely physical properties o f  A sian  dust events along w ith a forw ard trajectory  

m odel.

The data used in this study has not had extensive error analysis because only  a 

few  cases m et our se lection  criteria. M ore field experim ents m ay be needed to address 

any sim ilar questions as the questions w e raised  in th is study. A lso, further investigation  

m ay be needed for determ ining the m icrophysical properties o f  fine and coarse m odes 

w ith in  the dust plum e. Ih o u g h  the use o f  scattering ratios and in  situ m easurem ents lead 

to the aforem entioned conclusions, the effects o f  fine m ode pollution, especially  the
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se c o n d a ry  p o llu tio n  n e e d  to  b e  c o m p le te ly  u n d e rs to o d  to  d e te rm in e  its  ro le  in  te rm s  o t

clim ate, air quality  and hum an health effects.
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