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Using a simple sampling apparatus, aerosol particles were collected on a
polycarbonate substrate in various locations around the world. The focus of this
study was Xianghe, China, an industrial town 70 km southeast of Beijing. The
Nuclepore filters were collected in two size ranges (coarsen2<sd < 10 m, and
fine, d < 2.5m) from January-December 2005, with a focus on the Intensive
Observation Campaign (IOC) in March 2005.
The collected filters were analyzed for aerosol mass concentration asdlaer
absorption efficiency; selected filters were analyzed for chemical catopos-or
fine mode aerosols measured during the Xianghe 2005 10C, the average spectral
absorption efficiency equates well to A model, while the coarse mode shows a

much flatter spectral dependence, consistent with large particle models. e coa

mode absorption efficiency was compatible with that of the fine mode in theRear-I



region, indicating the much stronger absorption of the coarse mode due to its
composition and sizeable mass.

Ground-based measurements were compared to remote sensing instruments
that measure similar parameters for the total column. A co-located Igistedsn
determination of vertical homogeneity. For cases of vertical homoyetiit
ground-based measurements were able to represent total column measusethents
For cases of vertical inhomogeneity, ground-based measurements did netvegjlat
to total column measurements.

The layers of aerosols that form in the atmosphere have significant effiects
the temperature profile. An instrument was developed to measure aerosol absorpti
and scattering, the Scattering and Absorption Sonde (SAS). This instrument was
launched seven times at two locations in China in 2008. Vertical profiles of
scattering coefficient were measured and several aerosol Vagersdentified.

The aerosol characterized at Xianghe, China was compared to aerosol
characteristics from Kanpur, India and Mexico City, Mexico. The aerosoésichl
City differs greatly from that at Xianghe, based on the measured mass catnaent
aerosol size distribution from AERONET, and measured aerosol absorption
efficiency. The aerosol at Kanpur resembles well the aerosol chiaredtat
Xianghe in the fine mode, with a correlation of 0.998 for the aerosol absorption

efficiency.
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Preface

This document contains original scientific content produced by the author and
collaborators. Significant scientific findings include:

In situ measurements of aerosol absorption efficiency for one year from
Xianghe show a shift in the fine mode absorption efficiency from one season
to the next with the lowest absorption in the summer, the greatest in the
winter, and fall and spring falling in between. The coarse mode absorption
efficiency separates into two groups: fall, winter and spring have similar
absorption, while summer has much lower absorption through the whole
measured spectrum.

Intercomparison between a laboratory-based technique (optical reflectance
OR) and a commercially-available instrument (PSAP) demonstrates the
strength of the OR technique.

Demonstrating that ground-based in situ measurements compare well with
ground-based remote sensing instruments when the aerosol is distributed
evenly through the total column.

Detailing the chemical composition of the aerosols collected during th@iOC
Xianghe, and demonstrating a source apportionment via Absolute Principle
Component Analysis. Each sampled mode was determined to derive from
four sources, with the fine mode resolving 68% of the variability in these
sources, and the coarse mode resolving 88% of the variability. The remaining
variability is undefined.

Detailing the concept behind a balloon-borne scattering-and-absorption sonde.
Ground validation with a HEPA filter and intercomparison with a co-located
nephelometer increases our confidence in the accuracy of the measured
scattering coefficient.

Comparing the aerosol mass concentration and absorption efficiency
measured during the 10C at Xianghe with samples collected at other urban,
dust-influenced locations. We present cases where the aerosols correlate well
(such as the fine mode aerosols at Xianghe and Kanpur, India) and when the
correlation is poor (coarse mode aerosols at both Mexico City and Kanpur
correlate poorly with Xianghe).

Published papers based on this work:

Chaudhry, Z., J.V. Matrtins, Z. Li, S.-C. Tsay, H. Chen, P. Wang, T. Wen, C. Li and
R.R. Dickerson (2007), In situ measurements of aerosol mass concentration and
radiative properties in Xianghe, southeast of Beijihgzeophys. Resl12,

D23S90, doi:10.1029/2007JD009055.
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Chapter 1: Introduction

1.1 Motivation

According to the Fourth Assessment Report (FAR) of the Intergovernmental
Panel on Climate Change (IPCC), the radiative forcing of aerosols &nséitea of
great uncertaintylPCC, 2007]. The uncertainty in the total direct aerosol radiative
forcing has been reduced, but there is more uncertainty in the radiative forcing of
individual aerosol species, where in many cases, the uncertainty is jusieagddne
forcing itself. Nitrate is one such example; the radiative forcindiimated to be -

0.1 + 0.1 Wrif. Organic carbon from fossil fuel combustion is another; the radiative
forcing is estimated to be -0.05 + 0.05 WniThe total radiative forcing by aerosols

is estimated to be negative, offsetting the positive forcing by greenbasss of

+2.63 + 0.26 WA [IPCC, 2007].

The influence of aerosols on climate is more complex than that of the
greenhouse gases [e.§chwartz and BusecR000]. Aerosol distribution is variable
both spatially and temporally, and although aerosol lifetimes are shomethtise of
greenhouse gases, estimates of their atmospheric residence timedsaangss than
a day to more than a month, resulting in transport distances from a few kil®mhoeter
hemispheric scaledarley et al, 2000,Williams et al, 2002]. Aerosols can be
transported to regions far from their origin by lifting mechanisms that taem
across continents and oceans. These aerosol layers can influence local and regiona
climate and also mix with local aerosols. In cases where the versudbudlion of
aerosols is fairly uniform, ground-based measurements are able to regresent t

optical properties of aerosols in the total column. This is highly desiralieoasd-



based measurements are relatively easy to acquire, cost-effeathegraoffer good
spatial and temporal resolution.

The complexity of quantifying the effect that aerosols have on local and
regional climate increases substantially when one considers how opticakipsoper
change as aerosols mix in the atmosph#aedbson2000]. Aerosol composition
can be highly variable, with different species present within the same pattieléo
different sources, production mechanisms and atmospheric reatmsfaifet al.
1999]. In addition, these different species can be either internally or ektennetd
within the patrticle yielding different optical and microphysical propgdied
different radiative effectdosfai et al. 1999,Martins et al, 1998,Schnaiter et al
2005]. This variability in composition and distribution makes it difficult to quantify
the aerosol impacts on climate and to represent these effects in climats.mod

According to the IPCC’s Fourth Assessment Report, our ability to quantify the
direct effect of aerosols on the global climate is hindered by uncertamties
measurements of aerosol absorptiBarkter et al, 2007]. The sign and magnitude
of the direct aerosol forcing at the top of the atmosphere are dictated ey sing|
scattering albedo (), aerosol optical thickness)( surface albedo, and scattering
phase functionQoakley and ChylekL975].

Remote sensing techniques such as satellites and ground-based sun
photometers, including the Aerosol Robotic Network, AERONH®Ipen et al,

1998], are better at measuring the total column amount of aerosols than most ground-
based in situ instruments. Passive satellite remote sensing also xdtdhsre spatial

coverage but, depending on the vertical structure of the atmosphere and surface



reflectance, it can have problems measuring the aerosol concentration near the
ground. The narrow swath of space-borne lidars (e.g., CALIMBIGker et al.

[2003], GLAS,Zwally et al.[2002]) may provide good assessment of the vertical
distribution of aerosols and clouds, but do not provide global coverage like the
passive instruments. The drawback of column mean values is that they can have little
meaning for near-surface effects if large concentrations of@sra® in higher

layers. Besides, collecting aerosol samples on the ground level also provides the

advantage of studying their impact on health, as they are a known health risk.

1.2 Aerosol Physical Properties

The mass concentration of aerosols, reported in mass of aerosol per unit
volume of air, is a measure of the loading of aerosols in the atmosphere. There are
currently three ways of measuring aerosol mass concentration: the gravime
method, the analytical method, and via optical methadsgnovski 2000]. The
most common method to measure aerosol mass concentration is the gravimetric
method, which was used in this study. A known volume of air is passed through a
filter and the increase in mass of the filter due to the collected aerosdiegsas
measured. To make these measurements, one must be able to weigh accurately a
filter before and after sampling and accurately measure the samplingatie and
sampling time. A commercially-available instrument that uses this meghbd i
TEOM (Tapered Element Oscillating Microbalance) from Thermo Séienti

The analytical method involves collection of aerosol samples for subsequent
guantitative chemical or physical analysis. Once aerosol partidlegparated from

the ambient air, usually by drawing air through a filter, the particiedeanalyzed



via chemical and spectrographic analysis, optical analysis, or xffegcton.
Instruments such as the Aethelometé¢aisen et al.1982] use the optical method
where the beam of light passes through the particles within a filter medioen. T
intensity of the optical beam is attenuated proportionally to the number of gairticl
the filter. A number of assumptions of aerosol optical properties and light atbenuat
within the filter medium go into this particular method.

Aerosols can also be described physically by their size distributions. As a
result of the effect of air pollution on health, particles less thanr@.B diameter are
generally referred to as “fine”, and those greater thanr@.tn diameter are
“coarse”. These two modes, in general, originate separately, undergerdiffe
transformation processes, are removed from the atmosphere by different srashani
have different chemical composition, different optical properties, and differ
significantly in their deposition patterns in the human respiratory tract. Any
discussion of physics, chemistry, measurement, or health effects of aenasols
distinguish between these two size categofesrifeld and Pandid998]. TSI's
Aerodynamic Particle Sizer (APS) measures, in situ, the size distnbaftparticles
from 0.5 to 20 m aerodynamic diametevplkens and Peter2005]. The instrument
both counts and measures the size of the particles using the light scatténeg of
particles and settling velocity. Size distributions can also be measurembie
sensing. AERONET measures the size distribution of particles by invertisgrihe
photometer radiance measurements from almucantar and principle plane scans.

Aerosols can also be physically characterized by their number conimentrat

which is the number of aerosol particles in a given volume of air. TSI's



Condensation Particle Counters (CPC) typically count particles with atdiame

between 5 nm to >3000 nm. As itis very hard to detect sub-micron-sized patrticles
optically (since the diameter is very close to, or smaller than, the wagtielenlight),

the diameter of the particles is increased before detection. The pateleassed

through a chamber saturated with evaporated alcohol, which condenses on the surface

of the particle, making it larger and easier to detect/count.

1.3 Aerosol Optical Properties

The global radiation budget is significantly influenced by how aerosols
interact with radiation. This interaction between aerosols and radiation is a
fundamental property that needs to be accounted for in aerosol models. There are
numerous ways in which aerosol optical properties can be described, includinf optica
depth, scattering and absorption coefficients, single scattering albedotivefr
indices, scattering phase function, and asymmetry parameter.

Aerosol optical depth | is defined as the attenuation of a light beam during
its path through a medium. I§is the intensity of radiation at the source, arglthe
observed intensity after a given path, then optical depils (lefined by:

I_ e
0

Aerosols can attenuate the light beam by either scattering, or absorpten of
photons. When aerosols in the atmosphere scatter radiation upwards, they can
prevent that radiation from reaching the Earth’s surface, thereby cdodirsyitface.
When atmospheric aerosols absorb radiation, they warm the surrounding air, and also

prevent the radiation from reaching the Earth’s surface. By heatingraobgir



above the surface, the aerosols stabilize the atmosphere, which has numerous
consequences, including decreased cloud formakioreh et al, 2008], reduced

surface evaporation, and trapping pollutants near the ground by forming an inversion.
Various instruments such as the Integrating Platedt al, 1973], Particle/Soot
Absorption Photometer (PSAP, Radiance Research, Seattle, WA), Aethalomete
[Hansen et al.1982] and other filter-based measurements have been used to obtain
data on aerosol absorption, while newer instruments such as the photoacoustic
spectrometerArnott et al, 1999] and the cavity ringdown spectrometappey et

al., 1998] measure absorption without the use of a filter substrate. Aerosol scattering
is usually measured by nephelometry, which employs a light beam and a light
detector set to avoid the direct incident of the light beam. The light exfl&cm

particles intercepting the beam is measured. There are a few marerfaetho

produce research-grade nephelometers for in situ measurements of aatbsihg,

such as TSI (St. Paul, MN) and Radiance Research (Seattle, WA).

Aerosol Optical Depth-AOD (or Aerosol Optical Thickness-AOT as it is
sometimes called) is measured most commonly by remote sensing. Ground-based
instruments such as Microtops sunphotometers and AERONET’s Cimel
sunphotometer both retrieve AOD from direct solar radiation measurerhietieh
et al, 1998]. The measurement site location and elevation are needed to process the
measurement into an AOD product.

Single-scattering albedo { or SSA), is often used to describe aerosol optical

properties and is defined as the ratio between scattering and extinctionieoesfi



where the extinction coefficient is the sum of the scattering and absorption

coefficients:

scat

0
( scat abs)

SSA is the relative probability that a photon that interacts with the aerosolgsar

will be scattered or absorbed. I§= 1, then the photon is scattered, whereag #

0.10, then the probability that the photon is scattered is 10%. SSA can be calculated
from any measurements of absorption and scattering coefficients tmahdeeat the
same wavelength and in the same units. It can also be derived using data foten rem
sensing platforms, such as AERONET, which produgess an inversion product.

The refractive index of a substance is best described as a complex number.
The real part of the number is the “ordinary” refractive index, while the iraagin
part indicates the amount of absorption. Both parts depend on wavelength. The
imaginary part can range from 0 (non-absorbing) to 1 (absorbing), and is usually
derived from size distribution and extinction measureme&ysfler et al.2007].

The phase function of aerosols describes the anisotropy of the scattering. It
provides a factor of each direction with which the incoming intensity has to be
multiplied to give the outgoing intensityVest et al[1997] measured the phase
function of dust in a laboratory chamber at three wavelengths in the visible and near
IR. The particles scattered light as they fell through the chamber, druf tied
samples measured agreed well with the theoretical phase function facabpher

particles, while the other half of the samples did not. The authors postulate that those



samples could differ from theory due to very high refractive indices or differe
particle microstructures.

Related to the phase function, the aerosol asymmetry parameter (ghesidefi
as the cosine-weighted average of the phase function. Itis commonly used in large
scale radiative transfer models to describe the angular distribution ofdajtersng
as it is more efficient (computationally) than computing the scatteringedbaction
in already complex codes. While g cannot be measured directly, it can be edlculat
In situ measurements of total backscatteg.] and hemispheric backscattepds)
can be used to calculate g using the Henyey-Greenstein ndodizefvs et a).2006].

In situ measurements of aerosol size distribution can also be used to derivg g usi
Mie calculations Andrews et a).2006]. Remote sensing techniques such as the
AERONET sunphotometers and the AATS-14 sun photometer calculate g from

inversion algorithms.

1.4 Aerosol Chemical Properties

The chemical composition of aerosols is important to determine aerosol
sources, and plays an important role in transforming aerosols over time. Aeawvsols c
be generalized into two major types: anthropogenic (man made biomass burning,
vehicular exhaust, industrial processes, etc.) and natural (biogenicozrmiseim
forests, sea salt, volcanic eruptions, most dust episodes, etc.). The description of the
aerosol type also gives an idea of the chemical composition.

Many different instruments and measurement techniques are used to quantify
the chemical composition of aerosols. The amount of organic (OC) and elemental

carbon (EC) can be determined by an OC/EC analyzer, where aeros@sampl



collected on preconditioned quartz filters are heated in four stages and the vaporize
sample is measured as €@ CH,. The ratio between OC and EC gives a sense of
the aerosol source. For example, biomass burning has greater OC than EC, while
diesel engine exhaust has higher EC than OC. Concentrations of non-carbon
elements can be obtained from various mass spectrometry techniques (i.evehducti
coupled plasma mass spectrometry-ICP-MS), Particle-Induced X-ragiBmis

(PIXE), X-ray Florescence, and ion/gas chromatography. As PIXE iSugieid

study, it will be outlined in Section 3.1.

Another aerosol property that falls under the category of chemical properties
is aerosol hygroscopicity (f), as it depends directly on the aerosol composition.
Aerosols can be hygroscopic, attracting water, or hydrophobic, repelling wete
hygroscopic aerosols attract water and grow, their optical propertiegeehdhe rate
at which the particles hydrate, or dehydrate, varies according to thegosiion.

This growth factor, known as the aerosol hygroscopic growth factor (f) is importa

for radiative transfer models to accurately account for particle sizéodigon

changes as a function of relative humidity. It can be calculated from in situ
techniques by making a series of measurements of light scatteringregty oh

humidity levels. The ratio between the enhanced Riand the referencesis the
hygroscopic growth factor. It can also be calculated from remote seasmgques.
Pahlow et al[2006] did so with a Raman lidar, assuming a boundary layer well-
mixed in aerosol, potential temperature and water vapor. The authors compared this
method with ground-based in situ measurements of f, and found good agreement in

some cases, poorer agreement in other cases.



1.5 EAST-AIRE overview

The rapid population and economic growth seen in China over the last few
decades has had strong effects on the local and regional air quality and. cliimate
increase in manufacturing and demand for products has led to serious air quality
concerns. Several intensive studies have been conducted recently to examine the
transport of air masses from the region over the Pacific, such as the Asiin-Pa
Regional Aerosol Characterization Experiment (ACE-Adi)dbert et al 2003],
the Asian Atmospheric Particle Environment (APENpkajima et al.2003] and the
NASA Global Tropospheric Experiment Transport and Chemical Evolution Over the
Pacific (TRACE-P) TRACE-P Science Tea003]. The East Asian Study of
Tropospheric Aerosols: an International Regional Experiment (EAST-AiRMES a
closer look at the physical, optical and chemical properties of aerosols @binas
through a series of ground-based observation stattonis gt al, 2007]. EAST-

AIRE was established as a joint research venture between the U.S. and iiththa w
goal of acquiring and understanding the physical, chemical, and opticaltmsér

the dominant natural and anthropogenic aerosols and their precursor gases in China,
and to gain insights into the direct and indirect effects of these aerosols olmadiat
clouds, precipitation, atmospheric circulation and the environrdent fet al, 2007].

EAST-AIRE is unique in the combination of ground-based, aircraft, and
remote sensing platforms, all connected to achieve the program goals outlined above.
The program includes two baseline observatories (Xianghe and Taihu) where
extensive measurements were made starting in 2005, including: radiatitgigegia

using broadband and narrowband radiometers and spectrometers, cloud properties,
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aerosol optical properties retrieved from Cimel Sun Photometers and Midti-Fi
Rotating Shadowband Radiometers (MFRSR), and physical and chemical properties
from several aerosol impactor samples. In addition to the baseline sitesydlsear
aircraft and intensive ground campaign in Liaoning in April 2005, and in March,
2005, the Xianghe baseline site hosted an Intensive Observation Campaign (I0C).
Many instruments measuring similar parameters were run sideldyescalibrate

newer instruments against well-used and well-characterized instrumewts] as to

ensure accurate measurements across various levels of resolution.

1.6 Scientific objectives of this work

1. To gain further knowledge on the local and transported aerosol at Xianghe,
China by utilizing a year-long record of filter-based optical, physicdl a
chemical measurements and other co-located instrumentation.

2. To examine the vertical profile of extinction by launching a “scatteaimady
absorption sonde” (SAS).

3. To compare the measured aerosol absorption efficiency and aerosol mass
concentration at a range of urban-influenced locations.

Questions to be addressed

Objective 1:
How well does the Optical Reflectance technique compare to readilylabeail
commercial equipment, such as the PSAP?

How well do ground-based measurements represent the total aerosol column?
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Is there seasonal variability in the absorption efficiency? What does this tell
us about the composition of the seasonal aerosol? Is the variability due to
polluting patterns, or circulation changes?
Can the chemical composition of the ground-based aerosol samples give us
information on aerosol sources?

Objective 2:
How well does the SAS measurgaand aps?
Can the SAS resolve layers of aerosols? How do the layer optical properties
differ from those of the ground-level aerosol?

Objective 3:
Will the differences in the many datasets used here significantly hampe
ability to compare these measurements? Some of the variables ave relat
humidity, sampling season, sampling duration, sampling altitude, etc.
The sites chosen for this comparison have significant urban aerosol loading
from anthropogenic sources as well as a transported dust source. Does this
similarity in aerosol sources translate to similarities in the aeopmlal and

physical properties?
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Chapter 2: Aerosol Optical and Physical Propertiesianghe, China
during 2005

2.1 Methodology

A two-stage sampling apparatus was installed at Xianghe, China inylanuar
2005 to collect aerosol particles on Nuclepore filters (Figure 2.1). These
polycarbonate filters have a smooth surface with randomly distributed pores that
ensure a designated patrticle size cutoff. The system has an impactor inieigesasur
10 m aerodynamic diameter cut-off size, and the impactor is coated with Apiezon
grease to reduce particle bounkmpke et al. 1997]. The first filter collects particles
larger than 2.5 m (hereafter referred to as the coarse mode) and the second filter
collects particles less than 2rd aerodynamic diameter (hereafter referred to as the
fine mode) John et al. 1983]. The filters are placed in a Stacked Filter Unit (SFU)
which optimizes the distance between the filters and ensures the sizé[Rarkér

etal, 1977].
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Power supply for flow meter

L

Data logger

Flow meter
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Pump / Fine filter
/ Coarse filter

10um cut-off +—

Inlet

+—— Indicates flow direction

Figure 2.1 Basic sampling apparatus for collectinfuclepore filters in Stacked Filter Units
(SFUs) which separate particles into a coarse modad fine mode.

Arrows indicate air flow through system such that he diaphragm pump is drawing the air
through the flowmeter, filters and inlet. Dark lines indicate air flow tubing, while lighter lines
denote electrical connections.

Size-resolved filters were collected twice daily up to and through the 10C
(January-March) and collected once daily for the rest of the calendanytea few
gaps due to instrument or supply-related problems. The filters were changedrbetw
6-7 a.m. and between 7-8 p.m., local time, to roughly coincide with sunrise and
sunset. The initial flow through the filters was set at 18 Ipm (liters per @inut
manually and only filters with a final flow of greater than 8 [pm were aedly The
instantaneous flow rate was recorded in a data logger and utilized in datasanalys
correct for flow changes during sampling.

The filters were subjected to gravimetric analysis prior to and adldr fi
deployment. Blank filters were sent to the field amongst the exposed filtbrgese
treated similarly to monitor the whole process. The filters were exposaddnizer

for 24 hours prior to weighing to remove static charge and to ensure an accusate mas
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measurement. The humidity in the ionizing chamber was recorded for eachruycle
maintained around 20%. The humidity of the weighing room was also recorded at
around 40%. The difference in humidity was determined not to affect the particles on
the filters. Since the particles were collected at a variety of hunhedigys, but
analyzed dry, the higher humidity of the weighing room was not great enough to
rehumidify the particles. According to meteorological data at the nmexasut site in
Xianghe, the local humidity level stayed relatively low, averaging 36% dthieng
IOC [C. Li et al, 2007].

After gravimetric analysis, the filters are subjected to an optdia@atance
(OR) technique previously applied Martins et al.[1998], and validated against an
extinction cell and PSAP measurementRaid et al[1998]. The filter is placed on a
diffusive Spectralon panel and illuminated from above. The amount of light reflected
( ) is measured from 350 nm to 2500 nm by an ASD LabSpec Pro spectrometer
(Analytical Spectral Devices, Boulder, Colorado), with radiometric styloil 1%
and accuracy of approximately 3%ifidel et al, 2001]. By passing light through the
particles and reflecting the light off the filter and the Lambertiafasarbelow, we
are essentially mimicking the same method used by satellite sensisgechnique
has the advantage that we can characterize well the bright surface undémeath t
particles. Blank filters are also placed on top of the Spectralon panel and edessur

a reference for the reflectance methog). For the 2-way transmission:

'|'1 T2 Eq. 1

surf

And each transmission term is defined as:

T exp —
cos
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Eq. 2
where is the zenith angle of illumination or detection.

Solving these two equations for the measured reflectance:

Eq. 3
eXp 2 abs q
COS COS ,

surf

Aerosol absorption optical depthyfy from Eq. 2 can be defined as

abs a Eq. 4
Where , = aerosol total mass column (gjm
= aerosol absorption efficiency {f)
Using Eq. 4 to solve Eq. 3 for(from Martins et al [submitted, 2009] (hereafter
referred to adlartins et al.[2009])):

COS COSs
S22 o g, EqQ. 5

Since the aerosol particles are collected aon the surface of Nuclepene fife expect
fewer optical artifacts with this method than with particles collectadertbe fibers

of quartz, Teflon or paper filter€Jarke 1982]. The main optical artifacts observed
on particles collected on the surface of Nuclepore filters come from aagect
proximity between particles as a function of filter loading. The intenadtetween
close particles and the fact that they are touching the surface ofeh@rfdtiuce non-
linearities in the Beer-Lambert Law that can be modeled by a power latiofuné
calibration curve of this power law using artificial absorbing partisiigs known
optical properties and a variety of mass loading is presentddriims et al [2009].

The absorption coefficient was calculated from the filters by utiliziegQR

absorption efficiency at 550 nm and was compared with PSAP results at 574 nm,
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which was operated in parallel with the filter sdimgp apparatus. The 550 nm
wavelength was chosen to compare with theT3sI| Nephelometer used during the
IOC. Data from the University of Maryland’s PSAR obtained during the IOC at
5-minute intervals, corrected accordingBond et al[1999], and extrapolated to 550
nm following Virkkula et al.[2005]. The University of Maryland’s instrumerasiee
detailed inC. Li et al.[2007]. Since the filters were collected overrapgmately 12-
hour intervals, the PSAP data were averaged oeesdme time period as the
corresponding filter. The PSAP averages werewtghted according to the flow
through the Nuclepore filter to account for therédase in flow throughout the
sampling period. This procedure ensured that instihuments sampled the aerosols
similarly. This same process of averaging for darggime and weighting for flow
was applied to data obtained from the Universitiafyland’s 3- TSI
Nephelometer. The Single Scattering Albedg) vas calculated using the
absorption coefficient from the PSAP and from the &nd the scattering coefficient
from the Nephelometer at 550 nm. The PSAP and &lepteter were deployed on
the same observatory tower as the filter samplppaeatus, but they did not include

an upper-limit cut-off size like the 10m inlet used for the filterg]. Li et al, 2007].

2.2 Seasonal Aerosol Absorption Efficiency duri§2

The absorption efficiency is an important variatd&necting the aerosol
absorption properties and the aerosol particle rmassentration, and can be used in
chemical transport models to connect chemistryagital properties. The
absorption efficiency is measured from the expdsedepore filter using an optical

reflectance technique and the mass measurenidatsiris et al, 2009]. The spectral
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dependence data provides important informatiorheraterage size of the absorbers,
and some hints on the imaginary refractive inddarfins et al, 1998].

Following the methodology outlined in Section 2He reflectance was
measured from the sampled filters and the aerdmsaration efficiency was
calculated. The fine mode absorption efficiencgves variability from one season to
the next (Figure 2.2). The highest absorptiorcedficy is seen in the winter months
(blue line), while the lowest is seen in the summenths (pink line), and the fall and
spring months lie between these two extremes.ommparison to the model for small
absorbing particles with the spectral dependefic¢he spectra of the summer
absorption efficiency is the closest fit. Compgrail the seasons td", the deviation
from this model becomes apparent (Figure 2.3). |&\dll the seasons fit to a straight
line from 550 nm to 1550 nm, the deviations atgherter wavelengths indicate the
strength of the dust or organic carbon presendbase sampled filters. The summer
absorption efficiency is the bottom line, and fai® ™ through the spectrum. The
next curve, spring, deviates slightly, then faNidées more. Finally, winter has the
largest separation from th& model. This could mean that there is more dust/OC
present in the fine mode in the cooler monthshat the winter-time dust/OC is more

absorbing than that in the spring or fall.
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Figure 2.2: Fine mode spectral absorption efficiencby season at Xianghe during 2005.
The black curve at the bottom represents the™ model for small absorbers.

P
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Figure 2.3: Fine mode seasonal spectral absorptiafficiency versus the * model for small
absorbers.
Deviations from a straight line at shorter wavelenths indicate the strength of the dust influence.

The coarse mode aerosol absorption efficiencyattga by season in Figure
2.4. The winter (blue line) and fall (gray ling)estra are very similar, following one
another through the whole measurement range. diregsabsorption efficiency

follows the winter and fall for longer wavelengthsit deviates to lower absorption
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from 550 nm to 350 nm. This is indicative of abager dust influence on the
absorption efficiency measurement in the fall amotev seasons. The summer
coarse mode absorption efficiency is much less thaithree other seasons
throughout the whole measured spectra. Due tprénalent monsoon rains in the
summer, coarse mode particles are washed outegffigi Also, the cooler months
(fall, winter, and spring) would be more influend®gdsoot and dust, which is seen
clearly in this data by the enhancement of absamgtiroughout the whole measured

spectrum.

Figure 2.4: Coarse mode spectral aerosol absorpticfficiency by season at Xianghe during
2005.

The lowest absorption efficiency is measured in theummer, when large particles are washed out
by monsoon rains.

2.3 Optical Properties of Aerosols during the I0C

2.3.1 Aerosol Absorption Efficiency

In Figure 2.5a, the absorption efficiency of tharse mode filters is shown as

an average (black line) and one standard devié&ioaded) of the 35 filters that were
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collected during the I0C. A second line is plotfgthy) showing a™* spectral
dependence consistent with small absorbers, uss@iier than 0.2 um diameter
and flat imaginary refractive index, like blackloan [Martins et al, 1998,Bergstrom
et al, 2002]. The absorption efficiency of the coarsmle has a much flatter spectral
dependence than thé line, which is consistent with larger particlegiwilat
refractive indices possibly representing large blearbon cluster aggregates or
combinations between dust particles and black cajidartins et al, 1998].
However, the fine mode filters absorption efficigig very similar to the > model,
as shown in Figure 2.5b. Departures from theurve for small absorbing particles
can be related to relatively fast changes in theggimary component of the refractive
index which is commonly observed in the short-wargth visible and the UV for
organic materialsGhang and Charalampopoulo$990,Kirchstetter et al.2004],
nitrated or aromatic aerosol¥ajcobson1999], or dust.

The fine and coarse mode absorption efficienciecampared side-by-side in
Figure 2.5c. While the fine mode is a more effitiabsorber in the UV and visible
regions, in the near-IR, both modes are equallygdisorbers, indicated by the
overlapping error bars. Much of the incoming sotatiation is absorbed in this
region of the spectrum, and since the coarse mads | much greater than that of
the fine (discussed in later sections), the lafggogption by the coarse mode is

significant and is rarely taken into account imaie studies.
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Figure 2.5: Spectral absorption efficiency (blackihe) for aerosol particles of a) 2.5m <d < 10
m and b) d < 2.5 m averaged from 35 filters from March 3-19, 2005 ampared to a ™ model
(gray line), then compared to each other in c.
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The shaded area in each case represents the standaeviation of the measured cases. The error
bars in figure ¢ are equivalent to the shaded areim the figure a plot, but are shown as error bars
for visual clarity.

The typical fine and coarse particles collectedimnghe during the IOC were
observed by the use of a scanning electron micpes¢®EM) on sections of the
filter. Pictures were taken of several represergdilters with the scanning electron
microscope at the NASA Goddard Space Flight Cant@reenbelt, MD. Figure
2.6a shows an example for the filter collected card¥ 18", 2005, where the fine-
mode filter shows a combination of spherical péati@nd aggregates of much
smaller particles. The black circles represenfittex pores while the particles are
pictured in shades of white and gray. The 1 punesmathe bottom left corner
indicates that all particles are smaller than Zxb [The coarse mode filter SEM in
Figure 2.6b shows large particles, probably compa@sea combination of dust, black
carbon, and organic material, from Marct12005. The mixture between dust and
black carbon could justify some of the absorptitiitiency spectral dependence

observed in Figure 2.5a.
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Figure 2.6: Scanning Electron Microscope image of)aviarch 10, 2005 fine mode filter and b)
March 12, 2005 coarse mode filter.

The scale in figure a corresponds to 1m and the scale in figure b corresponds to 30m. The
black circles shown are the filter pores whereas thparticles are shown in white and gray tones.

2.3.2 Optical Properties compared to other grousssket instruments

The absorption coefficient calculated from a comabon of the OR and the

gravimetric mass concentration was compared td&Jtheersity of Maryland’'s PSAP
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instrument, which was run in parallel with thediltsampling apparatus during the
IOC. Figure 2.7 shows that there is a better ages between the two experimental
techniques at lower values of the absorption coiefiit, while the disparity between
the data points widens at higher values, probabéytd biases of the PSAP
corrections for higher loading, and the excessyfe lattenuation allowed for those
cases, which could have produced transmittances #o®w0% (Figure 2.7b). At
seven points the difference between the two meamnts is greater than +1E-05.
The points where the OR measures a significandgtgr absorption coefficient
(March 7", March 14, and March 19) were all during the night-time sampling
period when the PSAP has difficulty taking continseneasurements (see below for
discussion) (Figure 2.7a). The largest differeme®veen points occurs over the
whole day of March 18ending on March when there was heavy atmospheric

loading.
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Figure 2.7: Comparison of absorption coefficient fom the Optical Reflectance (OR) technique
and the corresponding average PSAP results durindié I0C.

Panel a depicts the time series of the absorptiomefficient, while the two measurement
techniques are correlated in panel b. A 1:1 linesishown for visual correlation.

Using the scattering coefficient from The Univeysf Maryland’s TSI 3-
Nephelometer, the SSA ¢) was calculated for both the OR and the PSAP tesul
The absorption coefficient can be derived from@i® measurement at any
wavelength from 350-2500 pum, but the Nephelometér measures sco;at 450, 550
and 700 nm. Theo was calculated at these three wavelengths arbisrsin
Figure 2.8a as a time series. The single scaftatiredo stayed above 0.8 until
March 11", when it fell below that level for a few days, pigoming back above 0.8
on March 14. The presence of strongly absorbing aerosolsatgbe keeps the
single scattering albedo mostly in the “coolinggirae (<0.85) Ramanathan et al.
2001a). The spectral dependence of the singléestat albedo can be seen in Figure
2.8b, where the average at 450 nm is 0.826, at 550 nm is 0.822 and atnrd@s

0.796. The spectral dependence of the SSA givesmiation on the aerosol type.
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The decreasing SSA with wavelength indicates anstiéal/urban aerosol or a

biomass burning aerosol typ@ybovik et al. 2002].
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Figure 2.8: Single Scattering Albedo (o) from Optical Reflectance combined with the

Nephelometer scattering coefficient at the three ggrating wavelengths: 450, 550, 700 nm.

Panel a depicts the time series during the 10C, wid panel b shows the spectral dependence of
0-

Going from ground-based optical measurements & ¢column

measurements, the OR calculation at 550 nm is then compared with thamfthe
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PSAP (extrapolated from 574 nm to 550 nm), and ARED at 441 nm and 673 nm
in Figure 2.9. The o from AERONET is an inversion product derived from
almucantar and principle plane measurements, nettdun measurements, and
hence has fewer data points. To allow for somepawison, all data points during
this time period are shown, not just daily averagBse data show that AERONET’s
o is higher than that obtained from the ground-basedsurements. AERONET’s
inversion-based calculation would be influencedbyosol layers aloft or possibly by
hydration of the ambient aerosol particles, neitffevhich would affect the dry filter
samples collected at the surface and analyzeckitath The range ofy during the
IOC is from 0.70 to 0.94, and the variation carekplained by the passage of cold

fronts, wind direction and wind speed, as show@.ihi et al[2007].
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Figure 2.9: Single Scattering Albedo from AERONETand a combination of the scattering
coefficient from the Nephelometer at 550 nm with Ofical Reflectance and PSAP results.

Since the PSAP and Nephelometer instruments oidgieh temporal

resolution than OR, we examined the diurnal cy€leqdo determine whether or not
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the larger averaging time would impact the findingis Figure 2.10, the daily cycle
of o is shown with one standard deviation at each plaitat. Also plotted on the top
is the number of data points that contributed twheaverage from the PSAP. Since
the PSAP is a filter-based instrument using paifters, the absorption measurement
is only valid until a certain threshold of loadiag the filter, at which time the filter
must be replaced. In the case when an operatonetasble to change the filter and
the threshold was breached, those data were renfimradhe data set. The number
of data points that contributed to each averagetgmes us an idea of the certainty
of the measurement. The diurnal cycle gshows two minimum values, one during
the morning and one in the evening. The morningmmim occurs at a time when
home heating systems are fired up and cookingh®day begins. Both minima can

be attributed to rush hour commutes as well.
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Figure 2.10: Diurnal cycle of Single Scattering Aledo from PSAP and Nephelometer (diamonds)
with error bars (light gray) and the number of data points from PSAP contributing to the
average (squares).
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2.4 Physical Properties of aerosols during 2005

The mass concentration of the particles was deteanby gravimetric
technique, using the measured air volume samplezhoh filter. The full year data
record is shown in the eight panels of Figure 2.E&ch panel contains between one
and two months of data, depending on the quantitiata available. For the 2005
calendar year, at least one filter was collecte@@h of the 365 possible days.
During the 10C (panel c), filters were collecteddgvper day, one during daytime
and one over night. Over the course of the yearfihe mode mass concentration
ranged from 10 g/m® to 244 g/m°, with an average of 44 + 43y/m®. The coarse
mode mass concentration ranged from g&n® to 458 g/m® with an average of 136
+ 101 g/m’. Both the wide range of values and the largedstahdeviations give an

indication of the variability of the mass concetitn.
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Figure 2.11a, b, c, d: Aerosol Mass concentratiomdm Nuclepore filter gravimetry for the 2005
calendar year at Xianghe, China.

The black line is the coarse mode mass concentratiowhile the gray line depicts the fine mode
mass concentration.
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Figure 2.11e, f, g, h: Aerosol mass concentrationdm Nuclepore filter gravimetry for the 2005
calendar year at Xianghe, China.

The black line is the coarse mode mass concentratiowhile the gray line depicts the fine mode
mass concentration.

This year of data can be deconstructed by closeyneing the statistics by
season (Table 2.1). The first column indicatestimaber of filters sampled during

that season. Since filters were collected twiaedag from January 2, 2005 through
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the 1OC to March 19, 2005, there are more filters sampled during theer and

spring seasons. No filters were sampled duringrtbeths of August and September

due to a supply shortage. Looking at just the muzle, the lowest average mass

concentration (32 g/m’) and the lowest maximum value (10§/m°) were found in

the spring season, during which the 10C took plabiee highest seasonal average

fine mode mass concentration is in the summer (#87°). While the summer had

the highest average, it also had one of the lonsdmum mass concentrations at 153
g/m®, almost 40% less than the fall maximum (244m®). This is explained in

Figure 2.11f, where the fine mode mass concenirasitigher overall, but with less

fluctuation than in other seasons.

Table 2.1: Statistics of aerosol mass concentratidsy season during the 2005 sampling year.

+ $ 6 $5 6
% 11
! $ !
% 1

The coarse mode mass concentration has just asvaduebility between
seasons as does the fine mode. The seasonal eveay by a factor of 2, from 96

g/m® in the summer to 210g/m® in the fall. The summer season has the lowest
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average coarse mode mass concentration ¢28°), and the lowest maximum coarse
mode mass concentration (283/m°). The highest maximum occurs in the winter
(458 g/m’), which is almost twice the summer maximum meabunass
concentration. The summer in Xianghe is the monsaason, and the heavy rains
wash out the large particles quickly and effectivelrhe cooler months are affected
by dust storms and the increased emissions offgmuatcoal combustion during the
heating season.

Aerosol mass concentration can be used similarbetosol optical depth to
discuss atmospheric loading. Several studies treasured aerosol mass
concentration in China, at different size intenaatsl time periodsBergin et
al.[2001] measured daily mean PM2.5 concentratioris36f g/m® with a standard
deviation of 48 g/m® during one week in June 1999 in Beijing, whicheotgdly
shows higher concentrations than at Xianghe, a@rsoburban location. Also in
Beijing, Ning et al [1996] measured average total suspended pafTiSiEe)
concentrations of 320g/m® in the summer and 68@/m® in the winter during two
years of measurements in 1986 and 1987, whichnsistent with the seasonal
variation measured in this study. In another Céengty, Shangha¥e et al [2003]
measured weekly PM2.5 mass concentrations rangitvgelen 21 g/m°® and 147

g/m® at two locations, with an annual average of 588n° and 61.4 g/m® at each
site, from March 1999 through February 20@hi et al [2003] chose a suburban
location, Nankou, a town 45 km northwest of cenBaifing, to study mass

concentration, similar to this study. The authoesasured PM2.5 mass
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concentrations of 177 + 53)/m® and PM10 mass concentrations of 334 + §6n°

during one week in March of 2001.

2.5 Physical properties of aerosols during the52@iC

During the 10C, filters were collected in 12-hoaydand night samples, and a
24-hour average was calculated for PM2.5 and PMH€re, PM10 is defined as the
sum of the fine and coarse filter, which will acobtor all particles of d 10 m.

The 24-hour IOC PM10 and PM2.5 results are showsigare 2.12. To put the data
in perspective, they are compared with the US ERAdHal Ambient Air Quality
Standards (NAAQS). The 24-hour average NAAQS liefifiective at the time of the
IOC, for PM2.5 (35 g/m’) and for PM10 (150g/m’) are shown in the plot. The
PM2.5 limit was exceeded once during the IOC, aarage concentration of 35.4
g/m® on March 10, 2005. The PM10 limit, however, wesashed on 67% of the
days of the IOC, and on those days averaged 47&tegreoncentrations than the
NAAQS limit. While PM10 is considered to be a kskealth risk than PM2.5, the
respiratory problems, visibility reduction, and wresr and climate impacts that arise

from high concentrations of PM10 are still valichcerns.
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Figure 2.12: Twenty-four hour averages of PM2.5 (¢jht gray) and PM10 (total column) during
the IOC compared to the US NAAQS 24-hour limits forparticulate matter.

In addressing the aerosol radiative forcing ofdlmaate and health issues
related to aerosol pollution, a major challengeams as to how well the total
column-mean properties of the aerosol retrievenhftioe ground (e.g. AERONET,
Holben et al[1998],Smirnov et al[2000]) or from satellites (e.g. MODI&aufman
et al [1997],Remer et al[2002],Ichoku et al[2002],Chu et al [2002]) represent
the mass concentration measurements or other @asaerosol properties at the
ground level, or vice versa. The answer to thisstjon has implications for the
monitoring of aerosols from space and for the dgwelent of observation networks.
The existence of aged versus fresh aerosol patictdong-range transport of
different aerosol types (e.g. dust transported pedlution aerosols), or the vertical
distribution of relative humidity, or any other soe of inhomogeneity in the vertical
aerosol distribution throughout the atmosphericigol can affect this relationship.

This possibility must be studied in different laoat and on a case-by-case basis.
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One way to compare the ground-based filter measemegno total column
remote sensing is to look at AERONET-based rettseeohaerosol particle size
distribution. Note that the size distribution datan AERONET are derived from
inversions of the almucantar and principal plarenscwhile the direct sun
measurement produces a quantity with less uncéytdire Aerosol Optical
Thickness (AOT). Due to the heavy aerosol loadingianghe, many more direct
sun measurements were recorded than almucantariawcgal planes as AERONET
has difficulty distinguishing between heavy aerdsatling and cloud cover. Since
the filter samples were collected in two size rand@@e and coarse, a direct
comparison of the Small Mode Ratio, SMR, can béopered between the filter
results and the AERONET total column almucantareeals. The filter SMR is
calculated by dividing the daytime fine mode mamscentration by the total (fine +
coarse) daytime mass concentration. Only the a@/filters were selected, as
AERONET can only collect data during daylight houihe AERONET SMR comes
from integrating the AERONET volume size distrilauts up to 2.24 um diameter
(the closest size bin constraint to 2.5 pum), andldig by the total volume up to 10
pm diameter. The AERONET calculations assume dhegesmass density for the fine
and coarse modes. Figure 2.13 shows a comparegaeéen the SMR results of the
filter versus AERONET. The 1:1 line indicated metplot shows that there is one
group of points with good agreement between botAsmement techniques and a
second group (circled) where the AERONET resultswsbonsistently larger SMR,

indicating smaller particles in the atmosphericuomh than near the ground.
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Figure 2.13: Comparison between calculated AERONEBmall Mode Ratio and measured
gravimetric Small Mode Ratio for available data from January 13-May 24, 2005.

AERONET results were calculated from the average oflmucantar inversions performed
throughout the day, and the filter data was sampledluring the daylight hours. The 1:1 line is
shown in the plot to indicate cases of good agreeméetween both results. Cases of poorer
agreement are circled.

For the circled data points, one would assumethi®ae was an external factor
that did not allow the ground-based measuremerdsdorately represent the total
column, usually in the case of aerosol layers abpftiurnal changes within a
relatively calm boundary layer. To test this hypastis, data were used from NASA'’s
MPLnet, as a micro-pulse lidar was located neatbglar scans for the dates with
good agreement between the filter SMR and AERONEIRShowed relatively
uniform aerosol concentrations throughout the medde vertical extent, as shown
by a representative scan in Figure 2.14a on MaB¢l2Q05. The time-series of AOT
from AERONET was laid over the corresponding saaue fperiod to determine if
lidar backscatter variations were related to addosaling, not cloud contamination
or sampling biases in AERONET due to selective ¢loover during portions of the

day. Lidar scans for dates with poor agreementé@t the SMRs usually showed

38



heavy aerosol layers aloft, or very inhomogene@ussol concentrations throughout
the boundary layer, as seen in a representativeisdagure 2.14b for one case on
March 15 2005. Based on these results, we cathaathe SMR data gathered by
ground-based measurements are accurate represestatithe total column in those

instances when the total column is well-mixed.

MPLNET/Belfing, China — SMWART (Unit 68,
13Mar05 Micro Pulge Lidar Normallzed Relative Ba
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Figure 2.14: Lidar scan and corresponding AOD timeseries from AERONET for a) March 13,
2005, representing one case when the calculated ABRET Small Mode Ratio (SMR) and the
filter SMR were correlated, and b) March 15, 2005represents one case when the calculated
AERONET SMR and the filter SMR did not correspond well.
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Panel a shows a relatively well-mixed boundary layeduring the AERONET data collection and
the filter sampling period, while the lidar image n panel b shows significantly heterogeneous
layers during the sampling period.

Assuming a constant mass extinction efficienc§/@n one can determine
how well the AOT retrieved by an AERONET sunphottenean represent the mass
concentration measured on the grouBdnirnov et al[2000] offer a similar
comparison from Barbados, studying transported i@ahdust. Only quality-assured
AERONET level 2.0 daily averages from the sunpha@tanlocated in Xianghe were
used for this comparison. Since the sunphotoneeteiputes AOT from its direct sun
measurement, the daytime filters were selecte@aalsof 24-hour filters, as the
sunphotometer can only collect data during daylighirs. In Figure 2.15a, the fine
mode mass concentration is compared to AERONET ACBH00 nm, while Figure
2.15b shows a similar comparison with PM10 conediains. With help from the
SMR comparison, we can identify two distinct patideen by the data. The points
surrounded by circles in Figure 2.15a show casegeavine correlation in SMR were
poor, while points in squares indicate dates whenetis no AERONET size
distribution data available. This result servea gsiide to filter the best cases in the
intercomparison between AOT retrievals and massuoreanents. The resulting
points (without the circled/squared points) presebetter correlation between the
AOT versus PM2.5 mass and provide a correlatioffic@nt of R*= 0.84, slope =
0.011 and intercept = -0.011. For the PM10 conspatiwe present a correlation
coefficient of R= 0.67, slope = 0.0017 and intercept = 0.056. Coatge to this
PM10 correlationSmirnov et al[2000] reported a correlation coefficient df R
0.71, slope = 0.0036 and intercept = 0.082 foryddters from a high volume bulk

sampler and daily average AOT measurements at @7fdam AERONET of the
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Saharan dust. They were able to improve the aiivel to R = 0.93 by presenting

their 2.5-year data as one-month averages.
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Figure 2.15: : a) Fine mode and b) PM10 concentrains versus AERONET AOT at 500 nm.
The marked points are not included in the correlatbn; circled points indicate lack of agreement
from the SMR comparison in Figure 2.13 while square points indicate lack of AERONET size

distribution data.
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Chapter 3: Balloon-borne measurements of optiagdguties in China in
2008

3.1 Motivation

According toChaudhry et al[2007], ground-based measurements and total-
column measurements are not equivalent, and mtoeration is needed on where
the aerosols are located in the atmospheric colondietermine the climate impacts
of aerosols. Vertical measurements are currettigioed from aircraft platforms,
balloon-based platforms, and even kites. Eacligotathas its advantages and
limitations. Aircraft platforms are readily availe, with a wide altitude range. The
drawbacks of aircraft platforms are the costs aateat with instrumentation and
flight hours, the limitations of aircraft inlet fmass coarse particles, and the
meteorological conditions that limit aircraft movem. Balloon-borne platforms are
simpler than aircraft platforms, allowing for manmovative instrumentation.
Balloons can be tethered, where the altitude ramtenited, or released, where the
balloon can achieve a much higher altitude. Osadliantage of the balloon is that
the payload capability available for instrumentati® much less than that of an
aircraft. Meteorological conditions also affectiban launches, with high wind
conditions at the ground and aloft being the mosblematic.

The layers of aerosols that form in the atmosphaxe significant effects on
the temperature profile, either by absorbing ottedag radiation that could affect
cloud formation and inhibit pollution dispersioBue to technical difficulties, there
are very few measurements on the vertical distiobubdf aerosols in China
[Dickerson et al.2007]. To this end, we have developed a ballbmme Scattering-

and-Absorption-Sonde (SAS). The instrument waelbged at the University of
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Maryland-Baltimore County’s Department of Physi@bbratory for Aerosols,
Clouds and Optics (UMBC-LACO) and was deployed mr@ in order to better
understand the vertical distribution of aerosdis$owaer altitudes than are currently

obtained by lidar.

3.2 Instrument Design

The SAS is comprised of two major components: tiverlse Nephelometer,
which measures scattering integrated over a lagger of scattering angles (Figure
3.1), and the Reflectometer, which measures absarpith a similar technique to
the one described in Section 2.1 (Figure 3.2). gdréicles enter the instrument
through a curved copper inlet, designed to elingirzatty stray light from entering the
Nephelometer cavity. Following the inlet, the mstent has an impactor that cuts
off particles larger than 10 um with 50% efficiermmyor to the Inverse Nephelometer
[Hopke et al 1997]. The light source for the scattering nieasient is a class AA
red laser, operating at 670 nm, housed behindipadtor so the particles flow
around it. The laser beam is filtered by a sesfesllimators to refine and reduce
stray light from the beam. Beyond the collimaterthe scattering detector, a
photomultiplier tube (PMT), which is housed perpentar to the particle flow and
the laser beam. As the particles cross the lasmmbthe PMT detects the scattering
of the laser beam by the particles. The locatiaihe PMT gives it a wide field of
view, such that both forward scattering (as theiglas cross the laser beam with the
laser behind them and the PMT in front) and baeitedng (particles pass the PMT
and cross the laser beam that is behind them) easuned. A cosine diffuser is

placed in front of the PMT to integrate the phasefion as a function of the
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scattering angle. The laser beam continues teityaahere a photodiode detector is

located as a reference for any variation in therbdaring a sampling period.

Figure 3.1: Schematic view of the Inverse Nephelorter design.
Particles from Nephelometer

Reference

. Detector
Signal Detector Class AA red laser

Nuclepore fiIt(—N‘ \ |' i
Flow continues to g
flowmeter and pump | e

Figure 3.2: Schematic view of the Reflectometer digs.
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Scattering coefficients {cin m*) were calculated from the raw PMT signal
by correcting for the dark current, residual stiglgt and reference signal. The
corrected signal was then converted §g:using the calibration curve from the pre-
deployment calibration with Nand CQ at the University of Maryland-Baltimore
County, where the instrument was designed, devd|dpelt and tested. Rayleigh
scattering was calculated for each launch, cordefcietemperature and pressure.
Rayleigh scattering was subtracted from the caledla;.,:t0 achieve aerosokgs;

The data are presented here as 1-min running a®fegm the 1-sec measuregda
to remove random instrumental noise.

The particles continue to the reflectometer (Figdi®), where particles collect
on a 25 mm Nuclepore filter with 0.4n pore size. The reflectometer was designed
following the OR technique described in Section 2Alclass AA red photodiode
laser, operating at 670 nm, was also used asghedource in the reflectometer. The
laser beam passed through a tilted glass panecbstidking the filter. Part of the
beam was reflected off the top of the glass pareesecondary detector, which acted
as a reference for any variation in the laser bedmder the filter were several
substrates to provide mechanical support and eetaeceflectivity of the
filter+substrate system, just as a Spectralon pdoes for the OR technique in the
laboratory. The primary detector measured thectdhce of the filter+substrate
system after the beam was attenuated by partiolésedfilter. The attenuation was
integrated over a 10 minute period to achieve #wessary signal reduction to

calculate the absorption coefficientf). The filter was replaced for every balloon
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flight, such that the sampled filters are availdbleany additional analysis
(gravimetry, chemical composition, electron micmsyg etc.).

Based on pre-flight laboratory testing, we expeaadfficient signal
reduction in the reflectometer over a 10 minuteqaeto calculate the absorption
efficiency. Unfortunately, many planned launchesewshortened due to severe wind
conditions. Since the instrument was not helcthgtane altitude for the 10 minute
time period needed, it is difficult to verticallydate the calculated For that reason,
amongst other laser-induced problems, absorptitcieafcy profiles will not be

included in this study.

3.3 Ground Validation

The SAS underwent extensive testing during the Idpweent stage at the
UMBC-LACO. Prior to field deployment, the instruntavas calibrated with Nand
CO,. Due to logistical issues, these gasses weravaatable after field deployment,
and since the instrument was not recovered frontestdaunch, no post-field
calibration was possible. All data have been aeckbased on this pre-deployment
calibration.

While gas calibration was not available, the insteat was run in Xianghe
with a high-efficiency particulate air (HEPA) filtattached to the curved inlet. Since
the HEPA filter removes 99.97% patrticles from thrgoaor to sampling, we expect a
Rayleigh scattering signal similar to clean aiheTRayleigh scattering coefficient at
670 nm is 3.94E-5 hfor air at standard temperature and pressure, wigcbhmes
3.69E-5 ' once it is corrected for temperature and pressurieg the sampling

period. The particle-free air produced an avesaggtering coefficient of 3.79E-5
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m™* on March 28 at Xianghe during one hour and 20 minutes of sargpbnly 2.7%
off from Rayleigh. This increases our confidencé¢hie data as the HEPA filter
cannot remove 100% of the particles, and the aatealsured scattering is greater
than the theoretical scattering coefficient foraclair.

The temperature-dependence of the detectors wasl tdsoughout the
deployment period. Before and after every launcground test, the dark current
was measured by turning off the lasers for a ghenibd of time. Since the
temperature varied between the IAP laboratory ifiRg field sampling in Xianghe,
and field sampling in Zhangye, we were able to dartlye dark current at a wide
temperature range. It was determined that the clament did not vary significantly
with temperature, or with pressure, as the measemegite at Zhangye was at a much
higher altitude than Xianghe, and the dark currentained the same.

In Zhangye, the COMMIT facility was operating a 131 Nephelometer,
which allowed for a ground-based intercomparisati whe inverse nephelometer on
the SAS. On April 18, 2008, the SAS was placed on the roof of COMMI@ an
operated for approximately two hours while the N8phelometer was operating.
The TSI instrument was housed inside the trailéileathe inlet pulled flow off
COMMIT’s 10 m trailer inlet. Figure 3.3 shows timercomparison between the
total aerosol scafrom the TSI instrument, corrected from 700 nné7® nm, and the
calculated 5-minute running average aeroggkfrom the SAS. Both instruments
capture an increase in scattering during the 3@stinutes of sampling, and again
during the last 15 minutes. In between these taroods of increased scattering, the

TSI aerosol sc;iremains constant, while the SAS shows a decr@sserosol sca
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This could be due to the higher sensitivity, fasésponse, and more frequent data
recording of the SAS, or could be due to the imatrnts sampling different particles

since the inlet for the TSI was 10 m above thegiaent of the SAS.
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Figure 3.3: Ground-based intercomparison between erse Nephelometer on SAS and a co-
located TSI 3- Nephelometer at the SAS operating wavelength of 87/ m.

3.4 Scattering Profiles

The SAS was launched together with a suite of gsmaeasuring pressure
and temperature in China. The SAS was launclwed March 19' - March 27",
2008 at the Institute of Atmospheric Physics (IA&)lity in Xianghe (39.798° N,
116.958° E; 35 m above sea level), about 70 km &3eijing (Figure 4.4). The
measurement site was described in Section 2.2.fallgy had access to hydrogen,
which was used to fill the 10%tethered balloon. Hydrogen offers twice therii
power of helium, but requires additional safetycargions. Launch conditions were
in generally fair skies and light winds. Low wisdeed was a requirement for the

launch as the large size of the balloon and safiefgunch personnel were at stake.
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On the occasions when the wind speed was greatiétizn at the ground-level, the
balloon would drift out of the property, and thadéh of the tether line had to be
reduced as to keep the balloon within the IAP prigpgeoundary. As such, periods of
light winds and fair skies usually came after anfab passage, and for the time period

available, the launch days had very low AOD.

Zhangye  Xianghe

HEILONGJIANG

TIBET A. R.

Lhasa

SICHUAN

Chengdu

GUIZHOU #
Guiyang

GUANGXI
ZHUANG A. R.

HAINAN
Hatkou

Figure 3.4: Location of balloon launch sites in Chia.
The balloon was launched from March 19-March 27", 2008 at Xianghe, and from April 4"-
April 26™, 2008 at Zhangye.

The first launch was on March"1h the morning. The instrument was
prepared with a new filter in a clean indoor enmireent prior to every launch. This
first launch was a test to determine the maximurtudke achievable and to gauge an
appropriate ascent rate. The balloon was heldoappately 5 m off the ground to
stabilize the reflectometer laser, protocol thas watermined during pre-launch

laboratory testing and followed for all launches.
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The vertical profile of the scattering coefficiestplotted in Figure 3.5. In
general, the scasmeasured in this profile was the highest of adlphofiles. The
ascent (shown in red) indicates a large amountattering aerosols, with aerosol
layers at 1000 hPa and at 990 hPa. At the maxiaitiade, the sciiincreases
further, indicating the presence of another lay@n the descent, we see a smoother
slope in the <5 With the exception of an increase around 995 Whaye the 2 layers
from the ascent may have merged into one layeroudh the rest of the descent, we
note a lower scithan during the ascent, probably due to increaseital mixing as

the boundary layer height increased throughoubtbming.
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Figure 3.5: March 19", 2008 morning launch at Xianghe facility.
Much higher scattering coefficient through out laurch compared to other launches.

The second launch took place in the afternoon orcMad", 2008. The wind
speed had increased and we noted occasional waid ga the ground. Due to the
strong winds, the instrument was launched to al@lgude than during the morning

launch. The ascent (shown in red in Figure 3&)tat with a moderates.q; but
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decreased sharply, by almost half, within just & bPthe surface, indicative of a

very localized source of scattering aerosols agtbend level. Thesiremained
relatively low through the rest of the ascent. Wlhe instrument was ascending, the
balloon was caught in wind gusts that that inflleshthe balloon’s direction.
Occasionally, these involved vertical shear thated the balloon (and instrument) to
whip around “roller-coaster-like” loops. Thesepsacan be seen in the, during

the descent at 980 and 990 hPa. The loops ararsdenvertical profile as the
changes in altitude are recorded in the pressuesumement. The scattering detector
itself is not influenced by the turbulence of tlalton, and continues to measure the

ambient aerosol wherever it is.
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Figure 3.6: Scattering profile during March 19", 2008 afternoon launch.
The scattering coefficient drops off steeply at thbeginning of the ascent, indicating a strong
scattering aerosol located at the surface.

We note a similar sca:from 1000 hPa through the maximum altitude during
the ascent and descent, but a highgtduring the descent from 1000 hPa to the

surface. This could be due to local aerosol s gch as unregulated, roadside
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biomass burning, or a local factory. We note twooaol layers between 1000 hPa
and the surface during the descent, at 1008 hPatat@l2 hPa, which could be these
local plumes.

The third instrument launch was also at Xiangheianch 26" in the
afternoon. The balloon and instrument experieneal@nt turbulence during this
flight, and the <catis almost indecipherable when plotted as a vénicaile against
pressure (Figure 3.7 top). Looking at each letheflaunch as a vertical time series
(Figure 3.7 bottom), however, the:stis very clear and proves that the scattering
signal was not affected by the extreme turbulericbenlaunch. This profile
measures a lowerthan the prior two launches. During the ascentnff95 to 990
hPa, the sciindicates the presence of an aerosol layer ticat@ises thegc,:above
the low ground level. The descent of this launets & difficult maneuver, as the

balloon and instrument performed flips and dips kkroller-coaster.
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Figure 3.7: Scattering Profile for March 26", 2008 afternoon.

The balloon experienced extreme turbulence, makinthe pressure-defined profile difficult to
interpret. The bottom panels show the profile as &unction of time, which shows the scattering
sensor’s stability in the face of turbulence.

The fourth instrument launch was performed theofelhg morning, on
March 27", in Xianghe. The atmosphere conditions at lauimb were clear skies,

no clouds, and minimal winds. The ascent beginis imoderate level of aerosol
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loading at the surface, followed by a steep deer@ass.,:all the way to 985 hPa
(Figure 3.8). The scairemains at this low level through the rest ofdseent and
through the whole descent. The lower ground-leyglfrom the descent shows how

quickly the ground-level aerosol can get mixed ihi® atmosphere or dispersed out

of the area.
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Figure 3.8: Scattering Profile from March 27", 2008, morning launch.

The scattering coefficient drops off steeply soonfi@r launch, similar to Figure 3.6. The strongly
scattering aerosol is no longer present at the eraf this launch as seen in the 3 times lower
scattering coefficient.

The fifth instrument launch, and the last launciXianghe, took place in the
afternoon of March 27 (Figure 3.9). The wind speed had increased fiwen t
morning launch time, but was still within the labidanit, and far less than the wind
speed from the'8launch. The conditions in the afternoon werdghtly hazy sky,
light to moderate winds, and evidence of local sefsources (plumes from roadside

biomass burning). Thesarwas low throughout the whole launch, but both lefgs

the profile resolve a layer of highegaat 995 hPa.
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Figure 3.9: Scattering profile from an afternoon lainch on March 27", 2008.
Both the ascent and descent have low scattering ¢figents, but also both legs of the launch
measure a layer at 995 hPa.

From April 4™-April 26", 2008, the SAS was co-located with NASA's
SMART and COMMIT trailers in Zhangye, China (Figidd). Located in North-
Central China, the semi-desert site at Zhangy®g8a\, 100.58° E, 1483 m) is
optimally located along the dust storm track betwt® Gobi and Taklamakan
deserts and the heavily populated East Coast. WMétluent dust storms, the high
wind conditions allowed for only two short windoweer the course of one month to
launch the SAS.

The first launch in Zhangye took place on Aprilh12008 (Figure 3.10).
The launch began at 11:55am. The conditions wadagively calm, with haze visible
on the horizon but a blue sky at the zenith. Jhminutes into the launch, the
balloon remained overhead but the tether line bég#ow, a situation that happens
when there is a windy layer between the surfacetlamdalloon. After one hour of

continuously ascending the balloon, the bowingrgoth deeper and the ascent was
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stopped. The instrument was held for 10 minuté¥@thPa, the maximum altitude
reached. The return leg was slower than the gsiteémbdk almost 1 hour 20 minutes

to return to the ground-level. The instrument balioon reached the ground at 2:15
pm. While it appears that the ascent and descattesing coefficients are not
continuous at the maximum altitude in Figure 3RiQure 3.11 shows theya

measured while the instrument was held at the maximltitude for 10 minutes,

which declines smoothly to connect the two legtheflaunch, from 1.0E-4 to 7.0E-5
m™. The vertical profile of sca:showed remarkable differences between the two legs
of the launch. The two layers in the ascent (&tl#8a and 820 hPa) are almost a
factor of two greater than the steady,:of the descent. This could be due to a wind

shift that directed the aerosol plume away fromSAS.

)
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Figure 3.10: Scattering profile from a mid-day laurch on April 14", 2008 at Zhangye.
Two layers are noted in the ascent, at 840 hPa amd 820 hPa, which are not as defined in the
descent.

56



+(

)+ (

(+(

+(

+(

3( 3 3¢( 3, 3

Figure 3.11: Scattering coefficient at the maximunaltitude during the April 14" launch.
The scattering coefficient smoothly declines fromhe top of the ascent to the beginning of the
descent.

The next launch took place on April®21This was the latest launch
performed, starting at 4 p.m., local time. Theweadnde was available and ready to
use at this time. The SAS pump produced a vikbmatidhe tether line that shook the
radiosonde, so the two instruments could not begdlaogether on the line. The
radio sonde was placed on the tether line aboutreom the SAS. The radiosonde
transmitted data in real-time to a laptop inside @OMMIT trailer, where an
operator was communicating the instrument’s pasitethe winch operator via
hand-held walkie-talkies. The conditions were gwindy for this launch, so the
balloon was raised quickly. At an altitude of 6WiGabove the surface, the force of
the wind was very strong on the balloon, so theriswas stopped. The instrument
was brought back slowly, stopping at 500 m, 27A.29 m, and just above the
ground, for 10 minutes each. Thgatis noticeably higher in this profile than in the

prior launch at Zhangye (Figure 3.12). There ammerous layers throughout the
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column. The two legs of the launch measure sinagiosol layers at 838 hPa and

810 hPa, but are out-of-phase at 835 hPa and 820 hP

Figure 3.12: Scattering profile from the last launt, which took place on April 2F" at Zhangye.
The scattering coefficient increased as the ballocascended and numerous layers are noted in
both legs of the launch.

The final launch was attempted on Aprif23Conditions on the ground
were optimal for launching, light winds and a haky. As the balloon was
ascending, a layer of very strong wind aloft toskrothe balloon and flipped it
around. The balloon was dangerously impacted ésethvinds, more so than during
any previous launch. The decision was made tatdbetaunch. As the winch was
reeling in the tether line, the balloon made a rhge to the ground from about 200
m above. As it hit the ground, the tether line wakby a gravestone in the nearby
cemetery. The balloon and instrument, freed froentéther line, flew off, while the

attached radiosonde was recovered.
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Chapter 4: The Chinese Aerosol in a Global context

4.1 Motivation

The climate effects of aerosols vary on spatialesciiom local to regional
and even hemispheric effects. In this sectiomah@ne how the aerosol physical and
optical properties at Xianghe compare with aerogols other urban locations.

While China’s growth in population and economy iprecedented, other developing
countries face similar problems of modernizatiod anbstantial emissions associated
with a newly-mobile population.

Urban aerosols are formed primarily from anthropageources (e.g., traffic,
industrial processes, energy production, domesticrasidential emissions,
construction), but there is a minor contributioonfr natural sources (biogenic
aerosols, soil dust, marine sources, volcanicetsh), Once emitted into the
atmosphere, this complex mixture of pollutants rnayransformed as a function of
the ambient conditions and the interaction amoffgréint aerosol components as
well as gaseous pollutants. The urban aerosalpsaally complex in mega-cities,
due to large emissions of aerosol components asebga aerosol precursors, high
variability of sources, widespread distributionenfiission sources, and possible long-
range transport of the polluted air ma@si¢rol et al, 2008]. Monitoring air quality
in large metropolitan areas is a pressing needdardo ensure the health and well-
being of urban residents, but it is also essetitva intend to prevent air pollution-
related problems from occurring in emerging megigsi which may influence both

air quality and climate change on the regionaltioemtal, and global scales.
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Preventing pollution problems before they occurssally the most cost-effective
method for dealing with air pollutionMolina et al, 2007].

The simplicity of the Nuclepore sampling train (&ig 2.1) allows for
frequent deployment with little operator trainin@ver the last 10 years, Nuclepore
filters have been collected in Xianghe, China; Bed€had; the United Arab
Emirates; Mexico City, Mexico; Zhangye, China; S&tker, Israel; Kanpur, India;
Sao Paulo, Brazil; Wallops, Virginia; Cape Verdéi@a; and Thailand. To keep the
comparison focused, | have chosen only those lmasithat exhibit a similar aerosol
type to Xianghe, that of high atmospheric loadinthwnfluences of both pollution

and dust. | selected Kanpur, India, and Mexicy,@#texico for this analysis.

4.2 EAST-AIRE 10C (2005) versus TIGERZ (2008)

The TIGERZ Campaign strived to characterize aesodofing the late pre-
monsoon to early monsoon period in the Indo-Gaond#tin in northern India. This
region produces a large amount of anthropogenicatomh from urban, industrial and
rural sources as well as dust from the Thar Desettlocal sources. TIGERZ was
primarily an AERONET campaign, with up to seven ABRET sunphotometers
deployed around the major industrial city of Kan(i26.51278° N, 80.23164° E, 123
m above sea level) (Figure 4.1). A filter samplapgaratus (installed at the India
Institute of Technology, 17 km west of the centieKanpur) was operated from May
21%to June Y, 2008.

Other experiments to study optical, physical anehaical properties of
aerosols in South Asia have taken place via cahges in the Arabian Sea/tropical

Indian Ocean (INDOEX), and the Bay of Bengabfguly et al.2005). The mission
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of these ship-based experiments was to investigatethe natural marine aerosols
interact with the continental outflou@nguly et al.2005) or to quantify the climate
effects of haze over the Indian Oce®aihanathan et 312001b) using multiple

platforms.

Pop. Density (km?)
<250
250 - 500
I 500 - 1000
Il = 1000

Figure 4.1: Location of measurement site (Kanpur)n India, shown with population density from
2001 Census datalpi Girolamo et al, 2004].

The total coarse mode mass concentration (Figia 4hows a lot of
variability in the atmospheric loading of thesetjadgs, with an average of 78 42
g/m® during the sampling period. Kanpur had much loiwéal coarse mode mass
concentration than that measured at Xianghe duhi@@005 10C (149 + 9/m°)
(Table 4.1). The total fine mode mass concepotrgFigure 4.2b) shows less
variability over the sampling period compared te toarse mode, but also exhibits a

higher frequency on a shorter temporal scale, aitlaverage of 36 + 9/m® during
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the sampling period. Compared to 24 +gm° at Xianghe during the 2005 10C, the
Kanpur site measured greater average fine mode ecoasgntration. The variability

in the fine mode is the same at Xianghe and Kanpur.

Figure 4.2: Aerosol mass concentration in the a) eose mode and b) fine mode from May 21st
2008-June 9th 2008 at Kanpur, India.
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Table 4.1: Fine and coarse mode mass concentratiofiem Xianghe, Kanpur, and Mexico City
with the number of days of daily averaged size disbution data available from AERONET.
The mass concentration is shown as a total valugpm night and day sampling, and a daytime
only value, to compare with AERONET sampling frequacy.

Fine mode Coarse mode  # of days available
mass mass for daily averaged
concentration concentration size distribution
g/m® g/m® from AERONET
Xianghe, China 19 days out of 25
total 24+ 6 149+ 91
daytime 264 158 + 107
Kanpur, India 4 days out of 21
total 369 78+ 42
daytime 41+8 74 £ 39
Mexico City, Mexico 22 days out of 30
total 42 £ 14 61 +35
daytime 47 £ 15 54 + 21

The diurnal cycle is readily apparent in the fimede, especially from May
315 through June®(Figure 4.2b). The higher mass concentratiohésdaytime
sampling period, indicating a surge in aerosol potién during daylight hours, and a
noticeable decline in ground level aerosol coneiuin overnight. This opposes the
theory that ground level aerosol increases afeetdp of the boundary layer comes
down and the aerosol are emitted into a smallarmelduring the night. The
increase of aerosol emissions during daylight houescomes this nighttime aerosol
concentration to produce a greater ground-levekmascentration. This is
especially harmful as the fine mode aerosol islatila and has been shown to cause
respiratory illness$amet et aJ.2000].

Babu et alfound that 53.6% of the total aerosol mass comagaon in
Bangalore in late fall 2001 is in the sub-micraresiange [2002]. Their study used
size-segregated surface aerosol measurements f@umaréz Crystal Microbalance
Impactor. Bangalore, a mega-city with populatio? @illion and continental urban
aerosol, was significantly less affected by dusingés due to its southerly location

compared to Kanpur. In our study, the fine modamaeses 34.8% of the total mass
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concentration measured, indicating the strongesgoree of coarse mode aerosols,
which in this case are primarily dust.

Taking a look at the size distribution data fromRENET at Kanpur and
Xianghe (Figure 4.3), Kanpur has a larger volumedize distribution at the peak in
both modes, and notably, a much larger volumerggelparticles compared to
Xianghe. To compare this with the mass conceotnatve look at only the daytime
averaged mass concentration in the fine and coaosles, to best correlate with
AERONET’s sampling period. Kanpur measuring gneatdumetric size
distribution than Xianghe is consistent with thgtdae fine mode mass
concentration comparison, as Kanpur measures 41gt8 and Xianghe measures
26 + 4 g/m’. However, this is the opposite of the conclusisom the coarse mode
mass concentration, where Xianghe had the muclehigytime coarse mode mass
concentration (Table 4.1). Since AERONET meastiresgotal column of aerosols,
one possibility for this discrepancy is that theses a substantial amount of coarse
mode aerosols aloft during the sampling periodbabdy a plume of dust. Another
explanation resides in the data used to make timgarison. As shown in Table 4.1,
Kanpur only had 4 days, of the 21 days used imthgs concentration comparison,
where daily averaged size distribution measurenfeons AERONET were
available. Xianghe had 19 days of daily averageel distribution measurements, out
of a possible 25. The comparison of mass cond@srirto size distribution is less
clear, as those 4 days from Kanpur may not be septative of the whole sampling

period.
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Figure 4.3: Volume size distribution from AERONET retrieval from the 2005 I0C at Xianghe
(gray) and Kanpur, India (black).

The aerosol absorption efficiency{i) is shown in Figure 4.4a. The black
curve is the fine mode absorption efficiency (stddleviation in gray), while the
dark gray curve is the coarse mode absorptioniefioy, with the standard deviation
shown in black. Comparing the absorption effickeimceach mode to that at Xianghe
(Figure 4.4b), we see that the absorption effigresfdooth modes is higher in
Xianghe. The fine mode spectra have a similarshapile the coarse mode spectra
do not. The Xianghe coarse mode is much flattehalway to the shortest measured
wavelengths, while Kanpur has some curvature. ofopare the spectra in a more
guantitative manner, Figure 4.5 shows the cortdbietween the two sites in each
sampled mode. As determined qualitatively fromghevious figure, these
correlations concur with similarity between theefimode particles and dissimilarity
in the coarse mode. The correlation of 0.998 betwtbe fine mode absorption

efficiency in Xianghe and the fine mode absorpedfitiency in Kanpur indicate the
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presence of similarly composed and sized aeroSdiss excellent correlation also
indicates that the well-characterized fine-mod®sarmodel from Xianghe may be
used in radiative forcing calculations for Kanpim.contrast, the correlation between

the coarse modes’ absorption efficiency is notamng.

Figure 4.4: Aerosol Absorption Efficiency from Kanpur, India from May 21, 2008 to June 9,
2008.

Panel a) Fine and coarse mode aerosol absorptiorfiefency spectra with 1- shaded. Panel b)
fine (orange line) and coarse mode (yellow line) &m Kanpur plotted with fine (gray line) and
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coarse mode (black line) from Xianghe 10C 2005. Téhabsorption efficiency is greater in
Xianghe for both measured modes.
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Figure 4.5: Direct comparison of Aerosol AbsorptiorEfficiency at Xianghe, China and Kanpur,
India.

The fine mode is shown in panel a, and coarse moatepanel b. The fine mode absorption
efficiencies are very well correlated at an Rof 0.9984.

4.3 EAST-AIRE 10C (2005) versus MILAGRO (Mexico )0

The Mexico City metropolitan area (MCMA) is thedast urban center in

North America and the second largest mega-citydvade (second to Tokyo)
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[Molina and Molina 2002]. It occupies approximately 3540%with a population
of about 19 million CAM, 2002]. In general, megacities suffer from paogaality
due to the cumulative effects of rapid populatioomgh and industrialization
accompanied with increased traffic densities amaigr energy consumption. The
topography of the MCMA also acts to exacerbateptia air quality, as Mexico City
is located in a basin in the central Mexican platagan altitude of 2240 m and
latitude of 19° N Fast et al, 2007,Fast and Zhong1998,Doran et al, 1998]. The
basin is surrounded on the south, east and wesidomtain ranges that rise 1-3 km
above the basin floor. This topography serveshibit dispersion of emissions
within the basin during early morning hours andhigh level of incoming solar
radiation at this latitude and elevation promotesaspheric photochemistry that
rapidly forms secondary pollutantd/piteman et al.2000].

In support of the over-arching MILAGRO campaign @4eity Initiative:
Local and Global Research Observations), Nuclefibees were collected using the
sampling apparatus (Figure 2.1) in three locatitims:nstituto Mexicano del
Petroleo in Distrito Federale (T0); at Racho lanaa, outside Pachuca in the
Hidalgo State, about 100 km NE of MCMA (T2); andrampico, which was about
300 km ENE of MCMA (Tam) (Figure 4.6). The topoging of Mexico City allows
pollution to build within the basin, until at sorpeint the pollution is “washed out”
of the basin. One component of MILAGRO involveddsting this plume transport
and characterizing the aerosol as it aged andlédwait of the region. The aerosol
in the MCMA is a combination of vehicular exhaudist from nearby dust sources,

and localized biomass burning. Data from TO (Mexasty) will be presented here
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for comparison to the Chinese aerosol, as the urifience of the MCMA is seen
most significantly in the TO aerosol samples.

The sampling apparatus was installed on the rotiefnstituto Mexicano del
Petroleo laboratories (Mexico, D.F.) co-locatedwitimerous other instruments.
The Instituto Mexicano del Petroleo is locatedhia horth central part of Mexico City
at latitude 19° 29’ N, longitude 99° 09’ W, andaat altitude of 2240 m above sea
level. The IMP complex is a campus of 33 buildilgsated in an industrial and
commercial area of Mexico City surrounded by str¢leat are very heavily trafficked
by light duty vehicles and diesel buses. The retamajor roads are approximately

300 m away from the measurement platform.

Figure 4.6: Location of measurement sites in MexicQity.
The basic sampling technique described in Sectibnvas followed from
March 7", 2006 to March 28 2006. The aerosol loading was visibly high witttie

city limits, with poor visibility almost every dayf the experiment. The total fine
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mode mass concentration (Figure 4.7) averages4® g/m°® during the sampling
period, almost twice the total average fine modssmancentration measured in
Xianghe during the 2005 10C (24 + §/m°) (Table 4.1). The total coarse mode
mass concentration is moderate, with a few epispeliks, averaging 61 + 3%§/m®
during the sampling period. This is almost onedtbif the total average coarse mode

mass concentration measured at Xianghe during@@g BDC (149 + 91g/m?).
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Figure 4.7: Aerosol Mass Concentration of the a) fie mode and b) coarse mode from March™z
March 28", 2006 in Mexico City.

Given these large differences between these twe sitthe two measured
modes, it stands to reason that the particle sstaliition would follow the same
pattern. AERONET sun photometers were operatitgtht locations during the
respective campaigns. Volume aerosol size digtabulata were obtained from

AERONET’s Version 2 Inversion Product as daily aggs for the time period of
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each campaign, and then averaged over the entirpatgn (Table 4.1). The size
distribution is compared to the average mass cdrateon of the fine and coarse
modes derived from filters sampled during the dagtias to best correlate with
AERONET’s sampling period (Table 4.1). The sizdrdisitions, shown in Figure
4.8, do not show a variation in the sampled motléseasame level as the daytime
mass concentration measurements. We expect thienéadjne modes to differ by a
factor of two with Mexico City measuring greateognd level mass concentration
than Xianghe, but the size distribution in the fimedes at Xianghe is much greater
than that at Mexico City when considering the tat&égrated volume below 2.5m.
While the ground-level fine mode mass concentrattas much greater at Mexico
City, there might be additional fine mode aerogoftat Xianghe, resulting in a
greater total-column size distribution. While ianghe coarse mode volumetric
size distribution is greater than that measurddeatico City, it is not larger by three-
fold, as was measured in the daytime gravimetradyais. In this case, Mexico City
could have coarse mode patrticles aloft, perhapsaglume, which contribute to the
total-column coarse mode volumetric particle dmttion, but are not measurable
from a ground-based sampling platform. The samgdliequency from AERONET is

approximately the same for these two sites (Tadlg 4
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Figure 4.8: Volume size distribution from AERONET retrieval from the 2005 I0C at Xianghe
(gray) and the MILAGRO campaign at Mexico City (black).

The fine and coarse mode absorption efficiencieshown in Figure 4.9a.
The fine mode follows the curve well, while the coarse mode is generally fla
comparing to the sampled modes at Xianghe (Fig@ig) 4we see that the fine mode
absorption is greater at Mexico City than at Xiamgnd the coarse modes appear to
be nearly identical. The fine mode spectrum froexio City has higher absorption
than Xianghe throughout the whole spectrum, anddsascurvature than the Xianghe
spectrum. This dissimilarity can be seen in tratec plot (Figure 4.10). The
deviation from the linear fit in the short wavelémgsuggests a different aerosol
model. While the coarse mode absorption efficidnoked nearly identical between
these two sites in Figure 4.9b, the scatter plggsests otherwise. The correlation
between the two sites is much better in this mbda that between Xianghe and
India, but the deviation from the linear fit at sieo wavelengths suggests a difference

in aerosol types.
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Figure 4.9: Aerosol absorption efficiency from (afine mode and coarse mode particles collected
in Mexico City and (b) compared to the Aerosol absption efficiency in Xianghe, China.

The spectra of the fine modes have different curvates, suggesting two different aerosol types at
these two locations.
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Figure 4.10: Direct comparison of aerosol absorptio efficiency at Xianghe, China and Mexico
City, Mexico in the a) fine mode and b) coarse mode

The differences seen in the fine mode in the prewis figure are more apparent here, with
deviations from a linear fit at the shorter wavelegths indicating a different type of aerosol.
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Chapter 5: Chemical Composition of Aerosol in Xiaagluring EAST-
AIRE 2005 IOC

5.1 Methodology
Elemental concentrations were obtained from thelépaee filters by PIXE

(Particle Induced X-ray Emission) spectrometrywenty-seven filters from the I0C
at Xianghe, China, from MarcH®aMarch 19", 2005 were selected for this analysis
due to the availability of co-located data durihg time period. A 25 mm diameter
circle was cut from the original 47 mm filters amdunted to a white plastic ring.
The PIXE measurements were performed at the dedi&8DH tandem Pelletron
accelerator facility of the University of Sao PaulMFI (Echalar et al, 1998).
Concentration data were obtained for the followatgments: Al, Si, P, S, Cl, K, Ca,
Ti, Cr, Mn, Fe, Ni, Cu, Zn, Ga, Ge As, Br, Sr, Hbetection limits were typically 7
ng/nT for elements in the range 13 < Z < 22 and 0.4 Agdmelements with Z > 22.
These detection limits were calculated based cavamage sampling flow rate of 16
Ipm, sampling time of 12 hours and irradiation tiof&00 s. The accuracy of the
elemental concentration measurements by PIXE isdifp better than 10% but
degrades to 20% or more for elements with conceotraear the detection limit.
PIXE spectrometry measures elemental concentratipmsadiating the
sample with a high-energy proton beam (~2.5 MeWe high-energy protons eject
electrons from the innermost shells in atoms insiecimen. When that opening is
filled by an electron from an outer shell, an X-tgpantum is emittedlphansson et
al., 1995]. PIXE works best when the specimen tatgest¢hin, such that the
accelerated protons lose only a small part of thve@rgy when passing through the

specimenJohansson et gl1995]. Thus, the excitation energy is well defl and
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there is little absorption of the emitted X-rayshe specimen, simplifying the X-ray
yield calculation. The Nuclepore filter is an etkeet substrate for this analysis due
to its thinness. The X-rays emitted from the iraéed sample are detected using a
Si(Li) detector and produce an X-ray spectra whin ¢haracteristic energy of the
photons from each element on the x-axis and “cSumntghe y-axis. After a
guantitative calibration, the elemental X-ray cauate converted to the mass of that

particular element present in the sample.

5.2 Elemental Mass Concentration

The average mass concentrations of the elemenfsesented for the coarse
mode (Table 5.1) and fine mode (Table 5.2) aerodolshe coarse mode, the
elemental mass concentration accounts for betw2gi¥dand 32.8%, with an
average of 25.0% of the gravimetric mass beingwadeal for by the measured
elemental mass concentration. The standard dewiafieach elemental
concentration is very high, and larger than themmedhe cases of S, Cl, K, Ni, Cu,
Zn, Ga, Ge, As, Br, Sr, and Pb. This is indicat¥éhe high natural variability of

these elements at Xianghe.
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Table 5.1: Statistics of coarse mode elemental camtrations in ng/nr.
Mean Standard Deviation

Elements (ng/m°) (ng/m?°)
Al 4193.1 2579.5
Si 8935.5 5155.8
P 115.0 67.2
S 3740.7 5651.3
Cl 3341.8 3360.8
K 4120.5 8927.3
Ca 5419.9 3171.5
Ti 302.5 174.9
Cr 10.9 9.0
Mn 123.0 93.8
Fe 3765.7 2380.5
Ni 3.4 3.7
Cu 48.8 68.5
Zn 493.4 556.1
Ga 5.2 8.1
Ge 1.0 2.0
As 455 50.5
Br 14.6 20.3
Sr 30.9 61.8
Pb 233.6 246.2
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Table 5.2: Statistics of fine mode elemental conceations in ng/m?®,

Mean Standard Deviation

Elements (ng/m°) (ng/m°)
Al 441.0 280.2
Si 1093.9 688.1
P 32.8 10.2
S 1142.4 543.3
Cl 295.6 163.2
K 684.0 308.3
Ca 541.3 305.2
Ti 31.9 19.0
Cr 1.0 2.3
Mn 23.7 9.9
Fe 410.4 235.9
Ni 0.7 1.1
Cu 10.6 11.3
Zn 106.4 75.2
Ga 2.0 14
Ge 0.7 1.1
As 13.1 9.5
Br 6.6 6.3
Sr 1.9 2.8
Pb 64.4 41.5

In the fine mode, the elemental mass concentraiopunts for between 9.0%
and 31.7%, with an average of 19.8% of the gravimatass being accounted for by
the measured elemental mass concentration. Thageselemental concentrations
are much lower in the fine mode than in the coarsde, which is expected due to
the difference in mass. The standard deviationush less in this mode as well,
compared to the average. Only Ni, Cu, Ge, an&kBibé standard deviations greater

than their averages.
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5.3 Principal Component Analysis

A multivariate statistical technique, principal gpoment analysis (PCA)
[Harman 1976;Henry, 1991], was used to identify the different sourtted
contribute to the atmospheric aerosol of Xianglmeaddition to the average
elemental concentrations, the aerosol absorpticierfcy at 3 wavelengths (360 nm,
550 nm, 660 nm), scattering coefficient at 550 nomf UMD’s co-located 3- TSI
Nephelometer, gravimetric mass concentration, @evand speed and average wind

direction were included in the PCA for the coarsalen(Tables 5.1, 5.3) and fine

mode (Tables 5.2, 5.4).

Table 5.3: Non-elemental coarse mode parameters asthtistics used in APCA.

Variable Mean  Standard Deviation
Mass concentration §/nt) 139.6 92.8
550 nm scattering efficiency (#y) 1.6 0.68
360 nm absorption efficiency (y) 0.26 0.069
550 nm absorption efficiency (i) 0.19 0.059
660 nm absorption efficiency (#g) 0.17 0.058
Wind speed (m/s) 4.9 2.0
Wind direction (degrees) 224.9 94.2

Table 5.4: Non-elemental fine mode parameters andhéir statistics used in APCA.

Variable Mean  Standard Deviation
Mass Concentration /n) 24.7 8.7
550 nm scattering efficiency @#y) 9.9 9.1
360 nm absorption efficiency(iig) 1.7 0.56
550 nm absorption efficiency (y) 0.98 0.34
660 nm absorption efficiency (i) 0.79 0.30
Wind speed (m/s) 4.9 2.0
Wind direction (degrees) 224.9 94.2
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First, a model of the variability of the elemergsonstructed so that the set of
interrelated measured variables is transformedarget of independent variables, the
principal componentschalar et al, 1998]. Each variable, measured or resulting
from the PCA, is responsible for part of the vacam the data set. The principal
components that explain less than one unit of magare supposed to represent only
noise and are excluded before VARIMAX rotatidta[ser, 1960]. The PCA gives
two matrices: the “component loadings,” which dre torrelation coefficients
between the original measured variable and theprewipal components, and the
“‘component scores,” which are a measure of theivelanportance of a component
in each sample. The stability of PCA depends glsoan the number of samples
included in the analysistp et al, 1986]. Henry[1991] recommends from
experimental methods that there should be enougbplsa to have at least 30 degrees
of freedom. Since the amount of time availableutosamples on the PIXE
instrument was limited, this analysis falls justhin those bounds. The PCA results
are quantified using the absolute principal compbaealysis (APCA) approach
developed byrhurston and Spengl¢t985]. In APCA, quantitative estimates of the
contribution from each component to the atmosplacentration of the aerosol are
obtained through regressions of the measured ctiatiens on previously calculated
“absolute principal component scores”. Thus, AR&évides a quantitative aerosol
source apportionment, attributing a fraction of theasured elemental concentration
to each identified source.

Both the coarse mode and fine mode were deterniinkdve four

components each. The four sources of the fine regdkin 68% of the variability in
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that dataset, while the other 32% is left undeteeai(Figure 5.1). The four sources
for the coarse mode explain 88% of the variabilityhe dataset, and the other 12% is
left undetermined (Figure 5.1). Based on the cemipt of the Xianghe aerosol as
determined through analysis of the aerosol physigdloptical properties, these

values are reasonable.
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Figure 5.1: Variability of the 27 filter data set that can be explained by PCA for the a) fine mode
and b) coarse mode.

A closer examination of the composition within eg@cimcipal component
gives a good picture of the source. The first congmt of the fine mode,
contributing 27% towards the variability in the @aket, is comprised of 39% silicon,
15% aluminum, 17% calcium, and 12% iron. The ratizvhich these elements are
found in this component strongly suggests thasthece is soil dust. This further
supports the suggestion in previous sections bigaspring-time fine mode aerosol
has a strong dust component, which was also seée imerosol absorption efficiency
(Section 2.4) and the fine mode mass concentréfention 2.2).

The second component of the fine mode aerosolribating 22% towards
the variability in the data set, is comprised priigaof sulfate, but also has a strong

presence of zinc (13%), lead (7%), and even trawguats of arsenic, copper and
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magnesium. The presence of these metals, in tios raeasured, was found by
Nelsonto derive from either zinc or copper mining [1977]he third component of
the fine mode, contributing 11% towards the vatighin the data set, is comprised
of 67% sulfate. This source of sulfur emissionlddae coal burning for domestic
use, biomass burning, or vehicular exhaust. Lasth/fourth component, accounting
for 8% of the variability in the data set, is compd of 48% potassium and 27%
calcium. The 2:1 ratio of potassium to calciunmiicative of biofuel combustion.

The first component of the coarse mode is the pgiraamponent for this data
set, accounting for 65% of the variability. Thisyg@onent was comprised of 31%
silicon, 15% aluminum, 17% calcium, and 12% ird&iith similar ratios to the first
component in the fine mode, this component is rilsly soil dust. This finding is
not surprising, given the results from the absorp#fficiency measurements
(Section 2.4), but further supports those findimgthat soil dust is the largest
component of the coarse mode. The compositioheo§bil dust component in the
coarse mode is almost exactly the same as thhaedirte mode; the only variation is
the percentage of silicon: 31% in the coarse md8# in the fine mode.

The next 3 components explain far less of the tdity, but are important to
note, nonetheless. The second component, accguotii1% of the variability, is
comprised of 22% copper, 23% zinc, along with sigant amounts of arsenic (15%)
and lead (12%). The ratio of these metals in theoaphere was determined by
Nelsonto derive from copper or zinc mining [1977]. Tthed component,
accounting for 6% of the data set variability, mbly derives from nickel mining.

The component is composed of 47% nickel, along wébe amounts (less than 10%)
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of gallium and germanium, whidhndersen et aldetermined was the signature for
emissions from nickel mining [1998]. Lastly thaufth component, explaining just
5.6% of the variability, is most likely coarse mquhkaticles originating from coal-
fired power plants. The major species in this congmt is strontium, comprising
42% of the elemental concentration in this compofidarst and Davis2006].
Other elements in this fourth component that sugglesmissions from coal-fired

power plants were sulfate (16%) and potassium (18%)

84



Chapter 6: Summary and Future Work

6.1 Summary

This study set out to improve our understandingesbsol optical, physical
and chemical properties through in situ measuresneferosols were collected using
a simple sampling apparatus in two size ranges;daese mode (10m >d > 2.5

m) and fine mode (d < 2.5m), in a variety of locations. | focused on samglem
Xianghe, China, whose proximity to a major urbantee(Beijing) in a developing
country would provide an interesting study. Sepagahe measured aerosol into
fine and coarse modes has many advantages, onaaif is the ability to measure
aerosol absorption separately in these two mollEsst models only account for
absorbing aerosols in the PM2.5 range, but repudtsented in this study indicate that
the coarse mode is also a significant source afrbibsy aerosols. The atmospheric
burden of coarse mode particles measured at Xiaisgrexy high and it needs to be
considered in modeling studies.

The variation of mass concentrations between ssasemonstrates the
variability and complexity of the Xianghe aeros@xamining the statistics for each
season, we found the highest average coarse magteamacentration was measured
in the fall, at 210 g/m’. The winter and spring had less average coarste mass
concentrations than the fall at 11§/m*and 150 g/m?®, respectively. These are all
still above the average measured in the summenyjraeason, 96g/m°. This
further supports the conclusions gleaned in Se@&i@nwhere the absorption
efficiency of the cooler months (fall, winter, spg) was higher than the summer

months. The greater presence of large particlésose months could be due to an
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increase in dust emissions in those cooler perimda,decrease of coarse particles in
the summer, probably due to the summer monsoos ediitiently removing these
large particles from the atmosphere. The fine nmodses concentration saw a similar
difference in the average mass concentration,rbtitis case, the spring season had
the lowest measured average at §2m°, compared to the 43g/m*, 59 g/m°, and
55 g/m°of winter, summer and fall, respectively. The &sgaverage fine mode
mass concentration, in winter, can be attributetth¢oadditional emissions of black
carbon from residential heating and a lower plawydtaundary layer height.
Examining Xianghe in a global context allows ugplace the aerosol model
into a larger frame of reference. Through grouaded in situ measurements, we
determined that Xianghe had the highest total @ayide coarse mode mass
concentration compared to Mexico City and Kanpuodjd. Kanpur exhibited greater
total and daytime coarse mode mass concentratamhftexico City, but both of
these locations measured one-half to two-thirds ¢esrse mode than Xianghe. The
strong influence of dust was also seen in the aéatxsorption efficiency
measurements, reinforcing our conclusions of a g&png dust presence at Xianghe
that is not measured on the ground at these athatibns. This was surprising, as
these locations were selected for comparison tagfia due to the similarity of an
upwind dust source. The large difference in tleugd-based coarse mode mass
concentration could be due to the upwind dust eonssat Kanpur and Mexico City
getting lifted above the boundary layer, while thust at Xianghe stays in the

boundary layer and is therefore measurable atutiace.

86



The highest total and daytime fine mode averagesoascentration was
measured at Mexico City, followed by Kanpur, Indrad lastly by Xianghe. While
the fine mode mass concentration at Xianghe vidlte US NAAQS limits only
once during the I0C, the daily total and daytinmefmode mass concentrations at
Mexico City and Kanpur surpass this standard fratjyeluring their respective
measurement periods. The large amount of finesatg@t the ground-level at
Mexico City and Kanpur can impact respiratory iees, agricultural lands, and have
significant local climate effects.

The discrepancy seen between the ground-based rapass of mass
concentration and AERONET size distribution at ntous locations confirms the
need to get a better understanding of the venti@aation of aerosol optical and
physical properties. Vertical profiles of aerosaie useful to ascertain where the
aerosol is located, and can thereby determinelitinate effects of non-ground-based
aerosol concentrations. When aerosols get litddgher altitudes and transported in
layers, their residence time increases, and thiirance transitions from local
impacts to regional impacts. Saharan Dust pluraage seen from Caribbean
islands, Asian pollution outflow can be seen ovirsika and California.
Understanding the processes by which aerosol®fjetland determining how long
they remain at a particular level will improve @lility to forecast and model the
climate effects of aerosols. The location of ael®® the vertical structure of the
atmosphere determines the radiative impact thgtwhiehave. Aerosols located
above clouds, below clouds, in the middle of theratary layer, or right at the

surface all have different implications for thelghd radiation budget.
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In this study the vertical profile of aerosols veakiressed by two techniques:
lidar and the balloon-borne in situ SAS instrumenie SAS instrument was
designed for the measurement of the scatteringabadrption coefficients. The SAS
results in this study focused on the vertical dstion of the scattering coefficient,
showing large variability in the profile from day day, with a prominent presence of
strong aerosol layers in the boundary layer. dmggibution must be taken into
account for an accurate characterization of thesmeffect on the atmosphere. The
instrument was redesigned based on lessons lekomdhe 2008 campaign, and is
undergoing very strict testing at the UMBC-LACOthvihe intention of launching
again in 2009.

Aerosols play an important role in influencing dite processes, such as
cloud development and formation, the hydrologideythe global radiation budget,
and even air quality for humans and the biosph8tedying these particles on a
case-by-case basis allows researchers the oppgrtariully understand and
characterize the local climate effects. An acauiessessment is heeded of how large
of a radiative impact aerosols have. This studystto make such measurements,
and for the locations where aerosols were measatgdknowledge is advanced

thanks to this work.

6.2 Future Work

The Nuclepore substrate lends itself well to ewether analysis than was
demonstrated in the work here. Different typesta@@mical analysis can be
performed, and there is the potential for measuaEr@sol scattering efficiency in a

manner similar to measuring aerosol absorptiomieficy. Development of this
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technique would allow for single scattering albedtculations from 350 nm-2500
nm.

The vertical profiles discussed in Section 3.4 ddad used in radiative
transfer models, such as SBDART, to determine lh@aaerosol’s vertical placement
can affect the temperature profile. If there wesdocated data, the modeled
temperature profiles can be validated with eitheriecowave radiometer, or by
satellite, such as the AIRS retrievals. The pesfthemselves can be intercompared
with a space-borne lidar, such as CALIPSO, as taseno co-located ground-based

lidar operating during any of the launches.
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