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Abstract. During the 2006 Texas Air Quality Study and Gulf surements on the RHB and at UHMT. During a time period
of Mexico Atmospheric Composition and Climate Study when fine mode aerosols dominated the extinction over a
(TexAQS-GoMACCS 2006), the optical, chemical and mi- large area extending from Houston/Galveston Bay and out
crophysical properties of atmospheric aerosols were meainto the Gulf of Mexico, the various methods for obtaining
sured on multiple mobile platforms and at ground based staResr + agree qualitatively (showing the same temporal trend)
tions. In situ measurements of the aerosol light extinction co-and quantitatively (pooled standard deviation =28 nm).
efficient (ep) were performed by two multi-wavelength cav-

ity ring-down (CRD) instruments, one located on board thel Introduction

NOAA R/V Ronald H. Brown(RHB) and the other located

at the University of Houston, Moody Tower (UHMT). An In its most current report, the Intergovernmental Panel on
AERONET sunphotometer was also located at the UHMT toClimate Change (IPCC, 2007) continues to emphasize the
measure the columnar aerosol optical depth (AOD). dhe importgnce of 'quantifying the ponnections between aerosols
data were used to extract the extinctiingstiom exponent a_nd climate with better precision and accuracy at local, re-
(Gep), @a measure of the wavelength dependenceegfThere gional and global scale; (Andreae et al., 2004; Bates gt al.,
was genera' agreement between &B@(and to a lesser de- 2006, LOhm.ann and Fe|Chter, 2005) The aCCl.JI’at.e estimate
greeoep) Measurements by the two spatially separated CRDPf aerosol direct effects due to particle light extinctiogy,
instruments during multi-day periods, suggesting a regionafcattering €sp), and absorptionogp), where extinction is
scale consistency of the sampled aerosols. Two spectral modhe sum of scattering and absorption, requires knowledge
els are applied to theep and AOD data to extract the fine ©f the physical and radiative properties as well as the ver-
mode fraction of extinctions) and the fine mode effective tical distribution of the bulk aerosol on local to global scales.
radius Refrf). These two parameters are robust measured he aerosol optical depth (AOD), they integrated along

of the fine mode contribution to total extinction and the fine the vertical column, is a key parameter for determining the
mode size distribution, respectively. The results of the analytadiative effects of aerosols (Yu et al., 2006). The AOD
sis are compared thef 1 values extracted using AERONET is measured on a worldwide scale by networks of ground
V2 retrievals and calculated from in situ particle size mea-Pased spectro-radiometers and sunphotometers, such as the

Aerosol Robotic Network (AERONET; (Holben et al., 1998),
Correspondence tdD. B. Atkinson
BY (atkinsond@pdx.edu)
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Cavity ring-down (CRD) spectroscopy (Moosmuller etal., Our methods are applied to optical data collected dur-
2005; Strawa et al., 2006; Atkinson, 2003; Baynard et al.,ing the 2006 Texas Air Quality Study and Gulf of Mex-
2007) offers robust and precise measurements of the in sitico Atmospheric Composition and Climate Study (TexAQS-
oep coefficient. The wavelength dependencergf can be  GOMACCS 2006), during which the NOAA CRD was de-
expressed by thAngstrom exponentiep Which can then be  ployed on board the NOAA R/Ronald H. Browr{RHB). A
used to infer information about particle size. Valuesigf second CRD aerosol extinction instrument was operated by
less than one are more likely to be produced by a predomia group from Portland State University (hereafter PSU CRD)
nance of coarse mode patrticles, while values greater than or&op the Moody Tower builing on the University of Houston
are more reflective of a predominantly fine mode contributioncampus (UHMT). An AERONET sunphotometer was also
to aerosol extinction. Théaop, obtained from AERONET  located at the UHMT to measure the columnar aerosol opti-
sunphotometers, has a similar definition and properties to theal depth (AOD). TheRes s values obtained from the spectral
in situ aep but is averaged along the vertical path. Recently,analyses of the CRD data are compared to those derived from
satellite retrieval algorithms have been developed to quantifysun/sky inversions using the AERONET V2 approach, and
the contribution of the fine mode fraction to the column AOD to those obtained from mobility size distribution instruments
(Anderson et al., 2005). Such information is critical for mod- whose data were processed according to Eq. (1). Section 2
els to calculate the climate forcing by anthropogenic aerosolprovides a detailed description of the experimental data and
(Chin et al., 2004; Kleidman et al., 2005; Bates et al., 2006;spectral models used in this study. In Sect. 3, comparisons of
Yu et al., 2006). However, due to the generally high uncer-the extinction coefficient angk, measurements from the two
tainties of satellite retrievals, those methods are less effec€RD instruments are used to investigate the spatial coher-
tive unless supported by in situ measurements. Several typemnce of the aerosol airmass over the Houston/Galveston Bay
of new low-cost portable instruments have been developedrea. The comparison et + from the various methods is
that measure extinction or AOD at multiple wavelengths for presented for a time period when long-range transported fine
radiative effects measurements. These new measurementsode aerosols dominated the aerosol loading over a large
could be subjected to the data analyses used here and usatka extending from Houston out in the Gulf of Mexico, and
to provide information about fine mode physical and opti- column AOD values measured on board the RHB were high
cal properties on a wider spatial scale than can currently b¢Massoli et al., 2009). We show that the various methods
provided by costlier and more complicated particle sizing in-for obtaining Refr ¢t agree quantitatively, with a pooled stan-
struments. dard deviation of 28 nm. Comparison of tig andn values

This work examines the extent to which the spectral in-derived from the CRD instruments is also shown for a time
formation from both in situ and remote instruments can beperiod when coarse aerosols originating from a long range
used to provide information about the fine aerosol mode intransport of Sarahan dust were present over East Texas.
the vertical column. We process thg, data collected by a This work demonstrates that multiple different methods
three-wavelength cavity ring-down instrument (hereafter thefor obtaining Refrf show some skill in predicting aerosol
NOAA CRD) using two spectral methods that were devel- physical properties. This implies that ground-based in situ
oped for the analysis of AOD data to quantify the relative optical measurements may represent a good first approxima-
contribution of the fine aerosol mode to the tota}, re-  tion of the columnar properties of atmospheric aerosols for
ferred to as the fine mode fraction of extinctiop).( These  validating and constraining satellite retrievals when vertical
methods also extract the fine mode effective radiugs, @  distribution measurements are not available.
single-parameter characterization of the size distribution for
the fine particles. The general definition Bfs is given by
Hansen and Travis (1974), 2 Experimental and theoretical methods

2.1 Aerosol sampling and measurement techniques

1)

Continuous measurements og, were performed during
wherer is the particle radius andlV /dInr is the particle size  TexAQS-GoMACCS 2006 using two custom CRD instru-
distribution function. Application of Eq. (1) assumes that the ments operating on separate platforms. A first CRD from
fine mode sub-distribution can either be isolated using thePortland State University was located at the 60m high
spectral information or that one physically divides the radiusMoody Tower building on the University of Houston cam-
regime into two segments, for example using a size selectivpus (UHMT) (Lefer and Rappenigk, 2010). The UHMT
inlet (we investigate both cases in this paper). It has beersite housed a suite of instruments for aerosol, gas-phase and
suggested that variations Ref ¢ are indicative of oxidative  meteorological measurements as part of the TexAQS Il Rad-
aging or cloud processing of anthropogenic aerosols (usuallycal and Aerosol Monitoring Project (TRAMP). The area
fine mode particles) in the vertical column (Anderson et al.,surrounding the site is not heavily urbanized, it is approx-
2005). imately one kilometer away from the nearest major traffic
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route to the Northeast, 20 km from the Houston ship chan-web/Documents/Inversion/products/V2.pdData products

nel (HSC) to the East/North-East, and 4.5 km from the urbanof this method also include th&gs of the fine and coarse
core to the Northwest. Instruments were located inside temmodes and, for the AOD.

perature controlled (242°C) trailers, and each instrument  Aerosols on the RHB were sampled through an inlet
had its own sample inlet mounted 5m above the roof top(mast) located 18 m above sea level and forward of the ship’s
(~70m above sea level) to minimize any ground or build- stack. The mast was automatically rotated into the relative
ing interference. Wind speed and direction were measuredavind to maintain nominally isokinetic flow and minimize
by various instruments on the building and on the ground.the loss of super-micrometer particles. Air entered the inlet
The PSU CRD sampled aerosols through a cyclone impactothrough a 5cm diameter hole, passed through axpan-
(URG Inc., 2000-30EN), and 8 m of copper tubing was usedsion cone, and then into the 20 cm inner diameter sampling
to transport the sample from the inlet to the CRD instrument.mast. The flow through the mast was $min—1. The trans-

The cyclone has a nominal cut-point of 2.5 um aerodynamicmission efficiency of the inlet for particles with aerodynamic
diameter at a flow rate of 10 liters per minute (Ipm); however diameters less than 6.5 um (the largest size tested) is greater
the aerosols were drawn into the PSU CRD at 5 Ipm, givingthan 95% (Bates et al., 2002). The bottom 1.5 m of the mast
a higher cut-point of 4 um, according to the URG product lit- was heated to establish a stable reference RH for the sam-
erature. The PSU CRD measureg, at 532 and 1064nm, ple air of 60 &5)%. On average, the aerosol was heated
with a maximum time resolution of 0.25 Hz, and a 95% con- 2.5°C above ambient temperature. Stainless steel tubes ex-
fidence level detection limit of 4 Mm' based on previous tending into the heated portion of the mast were connected
laboratory data (Radney et al., 2008). Thg results pre-  with conductive silicone tubing to downstream instrumenta-
sented here are averaged to at least 30 min, resulting in a déion for aerosol optical property measurements and particle
tection limit of less than 1 Mm® (Wright et al., 2009). sizing. The NOAA CRD sampled at a rate of 30 Ipm off the

A Sequential Mobility Particle Sizer (SMPS) (GRIMM mast and the light extinction coefficieat, was measured
Technologies Inc.) was operated at the UHMT site through-at 355, 532, and 1064 nm in six independent cavities. The
out the project. The SMPS consists of a Differential Mo- NOAA CRD (Massoli et al., 2009) measured thg, coef-
bility Analyzer (Model DMA-L) and an Ultrafine Particle ficient for both the sub 1 and sub 10 um sizes (aerodynamic
Counter (Model 5.403). The SMPS scanned the aerosol padiameter at 60% RH at mast outlet) and at different RH con-
ticle size distribution from 11.1 nm to 521 nm in 38 size bins ditions (at 25%, 60% and 85% RH for the 532 nm, and at
approximately every 7 min for the majority of the study pe- 25% and 85% for the 355 and 1064 nm). The relative uncer-
riod. The size distribution data did not include corrections tainty for oep at any wavelength at 25% RH is approximately
for variations in shape or density. In addition, a laser-basedl% for data averaged to 1 min, whereas #hg coefficients
Aerosol Spectrometer (GRIMM Model 1.108 PAS) recorded measured at 85% RH are characterized by higher relative un-
a coarse mode particle distribution (15 size bins from 0.3 pmcertainty of about 5%. Théep values calculated from the
to ~22 um) every 60s. A thorough investigation of this in- 532 and 1064 nmrep coefficients are characterized by an ab-
strument’s inlet transmission as a function of particle sizesolute uncertainty of 0.015 if estimated from the 25% &l
allowed for the correction of the raw data for particle losses,coefficients, and 0.07 when obtained for 85% RH conditions
which were<10% for sizes up to 4 um. (Massoli et al., 2009).

An AERONET CIMEL sun/sky radiometer was also lo-  On the RHB, size distributions from 20 to 200 nm and
cated at the UHMT site and was continuously operated dur200 to 800 nm in geometric diameter were measured with
ing the study period. Level 2.0 AERONET data (cloud two parallel differential mobility particle sizers DMPS, Uni-
screened and quality assured) are used in the analysis prgersity of Vienna (Winklmayr et al., 1991) with short and
sented here. In addition to multi-wavelength AOD and medium length columns for Aitken and accumulation modes,
pair-wise aaop values, the AERONET V2 data products respectively, coupled to condensation particle counters (CPC
also include estimates of the particle size distribution andmodel 3760A, TSI, Inc., St. Paul, MN). Size distributions
refractive index (Dubovik et al., 2002). This size distri- from 0.9 to 10 um in aerodynamic diameter were measured
bution information is obtained through an inversion algo- with an aerodynamic particle sizer (APS model 3321, TSI).
rithm that operates on the full sky scan data (almucan-APS size distributions were converted from aerodynamic to
tars) combined with near-simultaneously acquired AOD datageometric diameters using densities based on the measured
(Dubovik and King, 2000). The inversion fits the an- chemical composition. More details regarding RHB sizing
gular and spectrally resolved sky radiance and AOD datanstruments and data can be found in (Bates et al., 2008;
to radiative transfer computations derived for a variableQuinn et al., 2008).

(binned) size distribution and variable (pan-radius) refrac- It should be pointed out that although the expressions “fine
tive index (Dubovik and King, 2000). Non-spherical par- mode” and “submicron aerosols” are often treated as if they
ticle effects are accounted for by introducing a variable were a interchangeable (likewise for “coarse mode” and “su-
fraction of fixed-geometry spheroids (Dubovik et al., 2006; permicron aerosols”) we are aware of the substantial differ-
Sinyuk et al., 2007), (sebttp://aeronet.gsfc.nasa.gov/new/ ences regarding how the various measurements and methods

www.atmos-chem-phys.net/10/51/2010/ Atmos. Chem. Phys., 16152010
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discussed in this paper obtain the size information: the in situxgp: doep(h)/dIn(h) = —dzln(aep)/dln()\)2 =—2ap. (5)
instruments base such distinction on the aerodynamic parti-

cle diameter, usually determined through impaction (Bernemote that although we will refer to bothanda as,&ngstr'c')m

et al., 1979). In these cases, the fine mode fraction correexponents, they are subtly different in definition and usage:
sponds to a sub 1 um fraction resulting from an 50% aerody« is an average value for a wavelength range with a pro-
namic cut-off diameter within the impactor of 1 um (Doherty scribed lack of spectral curvature, whereass specific to
etal., 2005; Yu et al., 2006) whereas all of the spectral meth-one wavelength (in the sense of a pure derivative); its for-
ods base such distinction on the different optical behavior ofmulation accounts for higher order spectral curvature, and

small and large particles. exploits it to extract further information about the fine and
. coarse modes. The spectral curvatug value of a fine-
2.2 Data analysis and spectral methods mode dominated distribution increases Rgr¢ increases

from 10 nm to 500 nm, and then decreases for fine-mode par-
ticles with radius>500 nm (O’Neill et al., 2005; Schuster
et al.,, 2006). For coarse-mode dominated aeros@lsis

Thec"zep (A1, A2) can be calculated usirgy values at two dif-
ferent wavelengthsig andi») according to the logarithmic

treatment of the assumed power-law expressimg6tom, <0, an inequality that also applies to very small, absorbing,

1929) fine-mode particles (O’'Neill et al., 2005). Thegp andoz(;p
dep(r1,22) = —IN(oepr1/oepr2)/IN(r1/A2). (2) calculated from both the NOAA CRDBep and the UHMT

The PSU CRDoep coefficients measured at 532 and AERONET sunpfgotom?ter AOD data are used to extract
. : o and the fine mod@ngstidm parameters at a reference wave-
1064 nm were used to obtain an estimateagf for the

. o L : length of A=500 nm. This information is then used in the
;Jrll-:l\flT \S/gﬁjézegzr?ﬂs;a?bﬁgmg iil:‘-n\/lxzisrtley’frghr;e(tahglflileg A FMC procedure to extract the fine mogg . The FMC in-
dep P version is based on the observation that the value-@f is
CRD wavelengths 355, 532nm, 355, 1064 nm, and 532, . - 2 . i
o . - a function of the fine modéngstidm exponentreps and its
1064 nm (hereaftereprHp). Direct comparison between the spectral derivative’
depUHMT anddaeprne (532, 1064 nm) for specific time peri- P epf
ods during TexAQS-GoMACCS is presented in Sect. 3. .
Next we describe the spectral methods applied to the?eff =
NOAA CRD and AERONET data to extract the fine mode wherey is in radians (Eq. (5) in O'Neill et al. (2005) was

fraction of extinctions and the fine mode effective ra- incorrectly written and has since been slightly modified to

dius Refii: the Spectral Deconvolution Algorithm with Fine . . .
: : correct for higher-order-polynomial artifacts at the extremes
Mode Curvature (SDA/FMC) and the Graphical Spectral of the v range (O'Neill et al., 2008)). From O'Neill et

Mgthod (GSM). The P_SU. CRD data were not processed. inal. (2005) we have:
this way because application of the spectral methods requires
data at 3 or more wavelengths. a;—0.2

The SDA/FMC approach (O’Neill et al., 2003; O'Neill et tamy = af—0.5 @
al., 2005) uses the AOD directly measured by the sunpho-
tometer to extrach and the Van de Hulst phase shift pa- The parameterss anda; (outputs of the coarse/fine mode
rameterper 1 (if a particle refractive index is assumed then separation in the SDA procedure) are typically characterized
peft.£ can be converted to an estimateRy f, cf. Eq. (8) be- py relatively large errors which propagate into the. c_alcula—
low). This spectral model takes advantage of the higher dat&On Of pefts. We have found that these errors are difficult to
density of the direct solar attenuation AOD measurementgluantify empirically. They are a significant fraction of the
compared to the full sky scans used by AERONET to extract2MPplitude ofpet ¢ but tend to decrease gs— 1. Once the
size distributions, especially with a new high frequency in- Peft.t has been estimated, tii& + can be calculated accord-
strument mode which permits the acquisition of AOD data at!nd t0
3 min intervals.

The SDA/FMC procedure starts with a second order fit of Peff.f =
IN(oep) vs. In(1)

0.31593+ 1.25050) + 0.52859)2 (6)

2 (27 Reft t/4) Im — 1] ®)

wherei andm are the reference wavelength and the com-
In (oep(A)) =ap+ai In (A)+az In M2 (3) plex refractive index, respectively. We obtain t®es ¢ val-
- - ues extracted from the SDA/FMC method, one using the
The three fitting coefficientao, a1 andaz can be used  \ERONET AOD data (hereafter AERONET SDA/FMC) and

to calculate the.=1um extinction coefficientoep=ao) 8 e from the NOAA CRD data (hereafter CRD SDA/FMC).
well as the extinctiongstiom exponenirep at any selected . 4o NOAA CRD, only the data collected at 85% RH

wavelength, and its wavelength dependence, the “SpeCtr%ere used to extracRefif via the SDA/FMC approach to
»_/ )
curvatureoey best match the sampling conditions at ambient RH of both

aep(r) = —dIn(oep)/dIn (L) = —a1 —2azIn(X) (4) PSU CRD and AERONET data. The RH measurements on

Atmos. Chem. Phys., 10, 564, 2010 www.atmos-chem-phys.net/10/51/2010/
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Fig. 1. RHB ship track in(a) the Gulf of Mexico andb) Galveston bay, during the period 2 August-11 September 2006. The UHMT site is
in downtown Houston, about 5 miles east of the Houston Ship Channel (HSC).

the RHB showed that the ambient RH was between 80 andAERONET GSM) and one from the NOAA CRD data (here-
85% during most of the study period. after CRD GSM).
The GSM approach (Gobbi et al., 2007) uses a graphi-
cal parameterization of the AERONET products to obtain2-3 Meteorolggical conditions during the case
Refif. The method relies on AOD data from three CIMEL study period

data channels only (unlike the SDA, which uses as man

wavelengths as are available) and the data is first screened tg'€ Prevailing meteorological conditions characterizing the
remove values below AOD = 0.1. The discrete difference of 1ouston/Galveston bay area were represented by Southerly

specified pair-wis@aop values computed from AERONET winds (ESE to WSW) until 30 ,AUQUSt 2006, followed by
sunphotometer data is used to obt&inop Northerly flow (N to NNE) until 6 September 2006, and

winds between N-NE and ESE to WSW until mid Septem-
. . . ber. Detailed information about these meteorological pat-
dapop = apop (440,675 —anop (675879 () terns and the properties of the corresponding air masses are
reported in Wright et al. (2009) for the UHMT site and in
which is also referred to as “spectral curvature”. Due to aBates et al. (2008) and Massoli et al. (2009) for the RHB.
different choice of definitions, the analogous parameter inFigure 1 illustrates the overall RHB track in the area during
the SDA/FMC approachof ep) has the opposite sign, so in the field study (panel 1a), with an enlarged view of the ship
the GSM method more negatigé values will be associated  tracks in Houston/Galveston Bay and the Houston ship chan-
with larger Refr . values. The derivedaaop data are then nel (panel 1b).
plotted vs. thezaop data on a non-rectilinear grid that was  Under the ESE winds, long range transport of Saharan
constructed by modeling an extensive set of conditions (seejust was an important contributor to the bulk aerosol in the
Fig. 1 in Gobbi et al., 2007). Gobbi et al. (2007) demon- Gulf of Mexico based on aerosol chemical measurements
strate that the impact of using different atmospherically rel-and FLEXPART back trajectory analysis (Bates et al., 2008;
evant refractive indices (i.e., different particle compositions) Stohl and Eckhardt, 2008). One of the major Saharan dust-
on the retrieval is small. O'Neill (2009) has argued that the intrusions occurred between 25 and 30 August 2006. Un-
Gobbi approach is essentially equivalent to the SDA/FMCder prevailing Northerly flow, air masses over the Hous-
since both rely on fundamental spectral curvature mechaton/Galveston Bay region and coastal Texas were a mix-
nisms to extract an analogous set of fine-mode parameters.ture of transport from the continental US and local/regional
The GSM model was also applied to the NOAA CRD data contributions. In particular, during the period 2-5 Septem-
by constructing the parameteis, (355,1064) anddep= dep ber, a long range transport event of sulfate aerosols from
(355,532) —ep (532,1064) from the four channels (25% and the Ohio River valley characterized a large region extending
85% RH, sub 1 and sub 10 um). Only the 25% RH sub 1 umfrom Houston to coastal Texas and out in the Gulf of Mex-
data yielded reasonable results and are presented below. Aso (Massoli et al., 2009). Examination of various datasets
for the SDA/FMC method, we obtain twRefi ¢ values from  suggested that during both of these two particular periods,
the GSM approach, one using the AERONET data (hereaftethe RHB and the UHMT site were exposed to similar air

www.atmos-chem-phys.net/10/51/2010/ Atmos. Chem. Phys., 16152010
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Fig. 2. Time series for the period 28 August-30 August 2006 of: PSU CRD 532 and 1064 nap; and(b) volume concentration size
panel(a) NOAA CRD sub 1 and sub 10pm, 85% RH, 532 and distribution from the DMPS/APS on the RHB.
1064 nmoep, panel(b) PSU CRD 532 and 1064 nep, panel(c)
1to 4 um, size bins of the PAS at the UHMT site; pafthlvolume
concentration size distribution from the DMPS/APS on the RHB; the 30 min average time series of 532 and 1064 nm NOAA
and(e) FLEXPART trajectory analysis showing transport patterns crp oep coefficients for the sub 1 and sub 10 um aerosols
from the Saharan region to the Gulf of Mexico on 27 August. at 85% RH (panel a); 532 and 1064 nm PSU CRRp data
for sub 4 um aerosols at the nominal 50% RH (panel b); the
. : _ . coarse £1 pm) aerosol size distributions as measured by the
masses. In particular, the Community Multiscale Air Qual- GRIMM PAS at the UHMT site (panel c); the full volume

ity (CMAQ) model, initiated with the National Center for _. g )
Environmental Prediction (NCEP) weather forecast and theSlze distribution from the DMPS/APS on the RHB (panel d);

. o , . and the FLEXPART footprint emission sensitivity (panel e).
National Emission Inventory (NEI '99) predicts large scalg After 27 August (18:00 UTC) a significant relative enhance-

homogeneity in the aerosol for several extended periods iNent in the 1064 nm sub-10 pwa, coeflicient was observed

early September, including the per@od Faken into account her%y the NOAA CRD, suggestingr; substantial increase in the

(Byun and Lee, personal communication, 2009). coarse aerosol load. During the same time, the PSU CRD
recorded highesep levels at both 532 and 1064 nm, although

(Mm)

Oy

3 Results and discussion in this case theep1064_< oep532, Perhaps due to the different
) Iscuss] size cuts of the CRD instruments (10 um for the NOAA CRD
3.1 Data overview and investigation of spatial and 4 um for the PSU CRD). The mobility size distribution
homogeneity data from both the UHMT and RHB showed that thé um

volume concentration peaked on 28 August with a maximum
Figures 2 and 3 give an overview of the data that were usedt approximately 3 um, consistent with the presence of coarse
in the analyses conducted here. Figure 2 refers to the pedust particles in the area.
riod 28 August (00:00 UTC)-30 August (00:00 UTC) 2006, Figure 3 shows data for the period 2—9 September 2006
during the second major Saharan dust event observed ovevhen the Houston/Galveston bay region was characterized
the Houston/Gulf of Mexico region. (All times referred to by continental outflow under N-NE winds. The bottom
in the text and figures of this paper are UTC.) We showpanel shows the 532 and 1064 nry, time series data for
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NOAA CRD &, Fig. 5. The extinctionAngstidim exponentxep (top panel), and

spectral curvaturezép (bottom panel) for the sub 1 and sub 10 um
Fig. 4. Top: extinctionAngst®m exponentsep obtained accord-  NOAA CRD oep coefficients at 25% and 85% RH, extracted at
ing to Eq. (2) using the 532 and 1064 rrgy coefficients from the 500 nm via the AERONET SDA/FMC routine.
PSU CRD (black trace) and from the NOAA CRD at 85% RH for
both sub 1 pum (red trace) and sub 10 um (blue trace), for the two
periods discussed in the text. Bottom: scatter plot of the PSU CRDPSU CRD vs. the NOAA CRD data (sub 1 pm in period 1
depUHMT VS. the NOAA CRDiep rHp for period 1 and 2. and sub 10 pm in period 2) is shown in the lower panel of
Fig. 4. The linear regression of tligyuHmT VS. thedeprHs
data leads to a overall slope of 0.96, withRfalue of 0.75.
Again, this implies that there was large scale aerosol airmass

0,
the NOAA CRD sub 1um85% RH channel and the PSU consistency during this part of the study.

CRD. Overall highvep levels were observed, with the 532 nm
1 .. o .

Oep >19? Mm™= and the 1064 nmep coefficients around 35 Rngstram exponent and spectral curvature analysis

50 Mm~=. The volume size distributions collected on board of the NOAA CRD data

the RHB (top panel) show that the particles were mostly in

the accumulation mode, peaking between 300 and 400 nngigyre 5 shows theep (top panel) ak=500 nm andi,, (bot-
particle mobility diameter. Organic matter and sulfate weretom panel) extracted from the NOAA CRD data with the
present in equal amounts for the latter half of the period,Spa/FMC procedure as described in Sect. 2.2. Theand
while during 2-5 September sulfate aerosols were the domiz,/ep are presented for all the NOAA CRD data, i.e., sub 1 and
nant type and a regional haze event occurred in the Gulf resyp 10 um, and 25% and 85% RH, for both periods 1 and 2.
gion (Massoli et al., 2009). The quantitative agreement be- Some interesting features emerge from the analysis. For
tween thwep coefficients measured by the NOAA and PSU period 1 (Coarse mode dominated), the average Va|u@’pf
CRD inStrUmentS, with both Iarge and small scale Structureqor the sub 1 um data is 1.5, whereas m value for sub
captured by the two CRDs, is noteworthy given that the phys-10 ym is around 0.8. No significant difference is observed
ical distance between the two platforms reached 50 miles abetweemep extracted at different RH' theep reported for
times during this period. This confirms that the air masseshe <1 um sizes at 25% RH is approximately the same as
probed at the two platforms (RHB and UHMT) were similar that for the sub 1 um data at 85% RH. The minimal difference
on aregional scale, as predicted by the NCEP/CMAQ modelgetweenve, values obtained at 25% and 85% RH during the
(Byun and Lee, personal communication, 2009). dust event indicates minimal water uptake even by the sub
Figure 4 shows théepunmt andaeprre calculated from 1 um aerosols, as the aerosol sample was dominated by min-
the PSU and the 85% RH sub 1 and sub 10 um NOAAeral dust in both size ranges. The analysis of impactor data
CRD oep data for 28-30 August (period 1, coarse mode collected on the RHB between 28 and 30 August shows that
dominated) and 2—-9 September (period 2, fine mode domisub 1 um dust contributed up to 50% of thd um aerosol
nated). The indicated areas during period 2 represent timemass (the rest being non sea-salt sulfate), whereas it was
when the data are known to be affected by local pollutionmore than 80% of the total sub 10 um aerosol mass.
plume sources sampled by RHB in the Galveston area. The During period 2, the trend in the extracigg) values is dif-
c"zepRHB andc"zepUHMT values show overall good agreement, ferent. In this case we observe simitay, values extracted
both qualitatively and quantitatively. A scatter plot of the for the same RH with no distinction between inlet size cut to
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Fig. 6. Fine mode fraction of extinctiopat 500 nm calculated from  Fig. 7. Comparison of 24-hour averaggy s values obtained from

the NOAA CRD 85% RHogp coefficients using the SDA/FMC  the NOAA CRDogp data and from the AERONET sunphotometer

method (red trace) and the ratio of the sub 1 um to the sub 10 pnusing the spectral methods (SSRI is the full sun-sky radiance inver-

85% RH 532 nnvep data (black trace). sion used by AERONET V2, and the GSM and SDA/FMC methods
are extensively discussed in the text), andRag  values estimated
from the size distribution instruments (Grimm SMPS and PMEL

a first approximationaep~1.2 for 85% RH data (both sub 1  DMPS).

and sub 10 um) andep~2.0 for 25% RH data (again both

sub 1 and sub 10 um). These results indicate the dominance

of sub 1 um aerosols during period 2, with larger sizes (COr-5rg only three wavelengths used to determine the curvature
responding to the lowetep values at 85% RH) mainly due jike the AERONET data which is overdetermined). In the
to particle hygroscopm/growth (Massoli etal., 2009). case of the data shown in Fig. 6 during period 2, there are
The curvature datar, (bottom panel of Fig. 5) reflect i wherey is unity and SMF does not attain this value.
the trends discussed above &, During the coarse-mode  ggca;se the DMPS/APS data in Fig. 3 confirms the domi-
dominated period, near-zesqy is observed for the sub 1Um 1 ahce of fine mode particles during these periods, we sug-
data (25% and 85% RH), and negative values are obtaineflag; that this diescrepancy could be an artifact of the CRD's

for sub 10 um data (25% and 85% RH). For the fine-modejmhactor-based separation that makes it difficult for SMF to
dominated Period 2, positivg,, values of~1.8 and 2.5 (av-  55qume unity or near-unity values.

erage values) are obtained for the 85% RH data (sub 1 and

sub 10 um) and for the 25% RH data (sub 1 and sub 10 um) ' general, estimates der (cefrr) become less accurate
respectively. asn decreases. Because we want to minimize the influence

of retrieval results other than those related to the variation of

3.3 Fine mode fraction §) and Re s retrievals and com-  Reft,f, we will only use the fine mode dominated period to
parisons extract theResr ¢ parameter from the CRD data below. Fig-

ure 7 depicts values of the fine mode effective mean radius
Here we describe the results of the spectral analysis conRe s calculated from 24-h averages of the data obtained with
ducted on the NOAA CRD data to obtain the fine mgdend the various instruments, via the different methods discussed
Refi f parameters. As stated earlier, for these analyses we usgbove, for the period 1-9 September 2006 slightly beyond
the sub 10 um 85% RH CRD data because it is closest to théhe fine mode dominated event (2—5 September) discussed in
ambient RH values. To further facilitate comparison betweenMassoli (2009). We showResr + extracted from: the in situ
the AERONET and CRD retrievals, all of the parameters areNOAA CRD data via the SDA/FMC and GSM approaches
reported at 500 nm. Figure 6 shows the fine mode fractio(CRD SDA/FMC and CRD GSM, respectively) and from the
n extracted from the NOAA CRD data using the SDA/FMC AERONET sunphotometer data via the full sun/sky radiance
procedure (red trace) for the two time periods shown earlierinversion in AERONET V2, and the SDA/FMC and GSM
In addition the ratio of the NOAA CRD 85% RH sub 1 um approaches (AERONET SSRI, SDA/FMC and AERONET
to the sub 10 pna, coefficients (hereafter “SMF”, or “sub-  GSM, respectively). For the SDA/FMC treatment, ®Rar ¢
micron fraction”) is shown in Fig. 6 (black trace). The SDA was calculated from Eq. (8) using sub 1 um 85% Rdd ¢
retrieval of the fine mode contribution to the total extinction and a value for the refractive index broadly applicable to am-
gives general agreement with the SM§~0.95 and SMF  bient aerosolsiz = 1.4—0.00L (Gobbi et al., 2007). The
~0.9) during period 2 and similar agreement~0.3 and  pair-wisez andsa values from the sub 1 pm 25% RH NOAA
SMF ~0.4) during the coarse mode event. In general oneCRD data were constructed and placed on the grid shown
would expect; to be slightly less than SMF due to the man- in Fig. 1 of Gobbi et al. (2007) to extract the geometric
ner in which these parameters are calculated (cf., Kleidmarfine mode radius, which was then converted to the effec-
et al., 2005 for example). Small spectral artifacts in the ex-tive radius for Fig. 7. The last two reportetis ¢ datasets
tinction data can lead to significant errorsjifbecause there are calculated using a numerical evaluation of Eq. (1) from
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Table 1. The correlation coefficient{?) and the slope and intercept of the various measur@s@f from an orthogonal distance regression

(ODR) between the pairs (row vs. column). For an ODR, the slope of the reversed regression is necessarily the inverse (hence only half of
the matrix is given). Note that there are only three AERONET points for these comparisons, so the (italicized) correlation coefficients are
artificially close to one. The intercept has units of nm.

R2, Grimm PMEL AERONET AERONET AERONET CRD
slope, SMPS DMPS V2N=3) GSM SDA/FMC GSM
intercept

CRD 0.72,0.45, 70 0.70,0.67,34 0.99 0.41,113 0.75,0.78,13  0.74,0.83,53 0.73,0.73,31
SDA/FMC

CRD 0.88, 0.66, 43 0.90,0.94,1.0 0.950.62,74 0.63,1.08;22 0.79,1.13,19 -
GSM

AERONET  0.57,0.46,57 0.76,0.8212 0.98 0.62,51 0.91,0.95:-38 - -
SDA/FMC

AERONET  0.56, 0.49, 76 0.59,0.84,25 0.990.73,70 - - -
GSM

AERONET 0.931.21,-66 0.99 1.27,—-74 - - - -
V2 (N=3)

PMEL 0.80, 0.67, 46 - - - - -
DMPS

the in situ size distribution measurements at the UHMT site  The agreement between thiy ¢ values obtained from
(hereafter Grimm SMPS) and on the RHB (hereafter PMELAERONET AOD and NOAA CRDuep data via the spectral
DMPS). The sub-1 um particle size distribution data were av-methods is also compelling; however, the SDA/FMC-based
eraged to 24-h periods and the data were summed bin-wis®es ¢ values are systematically higher than the GSM-based
for (denrgin) and @lenrgm) and then ratioed to produce ones. In order to provide more quantitative comparisons we
the Grimm SMPS and PMEL DMP8Bet 1 estimates. performed pair-wise orthogonal distance regressions (an un-
The Refi ¢ estimates obtained from the various methodsbiased regression that allows for errors in both datasets be-
span a range of approximately 100 nm, centered near 200 nnif)g compared, as implemented in the IgorPro software using
with a pooled standard deviation of 28 nm (taking each daythe /ODR switch with the CurveFit command) between the
as a set). All of the in situ methods captured the rapid in- Refr.f €stimates from the various methods as shown in Ta-
crease inRefr ¢ during the first days of September 2006 and ble 1. Since we do not assert that any specific method is
then the stable higher radius during the middle of the periodbetter than others for determininy t, the ODR analysis
The agreement between the in situ size distribution derived®/lows an unbiased comparison. The correlation coefficients
Ref £ values GRIMM SMPS and PMEL DMPS is better dur- reflect the level of covariance of the different methods to esti-
ing 2-5 September, when the size distributions peaked at &ateReii  values, whereas the slopes and intercepts from the
small radius. This provides additional evidence that a synopODR can be used to estimate relative method biases. The ap-
tic scale airmass was being observed at both platforms. Thearent low bias (slope =0.67) in the PMEL DMPS is proba-
low bias of the Grimm SMPS measurements may be from arply due to the lower RH (60%) used for these measurements.
intentional choice to limit the size range to a particle diame-The slight low bias (slope =0.73) in the comparison between
ter of 521 nm because of concern that the few larger size binghe SDA/FMC and the GSM for the CRD data may be due
may have been contaminated by small particle count data. A¥ the use of different wavelengths (vs. those used by Gobbi
the particle mean radius may have approached 250 nm dugt al., 2007) since this bias is not observed between the two
ing the latter part of this period, this choice almost certainly methods when applied to the AERONET AOD data.
excluded some particle sizes that were relevant to the evalua-
tion of Refr . The Refr  values from the sunphotometer based
size distribution produced by AERONET seem to also agree
rather well with GRIMM SMPS and PMEL DMPS values,
suggesting a certain level of homogeneity in the size distri-
bution throughout the column or dominance of the surface
extinction. Unfortunately the AERONET full sky scan data
was missing after 3 September because of cloud contamina-
tion, limiting these comparisons.
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