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Abstract – The air quality and climate forcing impacts of atmospheric aerosols in a 

metropolitan region depend on the amount, composition, and size of the aerosol 

transported into the region, the input and removal of aerosols and aerosol precursors 

within the region, and the subsequent chemical processing in the atmosphere.  These 

factors were studied in the Houston-Galveston-Gulf of Mexico region, aboard the NOAA 

R/V Ronald H. Brown during the Texas Air Quality Study and Gulf of Mexico 

Atmospheric Composition and Climate Study (TexAQS/GoMACCS 2006).  The aerosol 

measured in the Gulf of Mexico during onshore flow (low radon concentrations 

indicating no contact with land for several days) was highly impacted by Saharan dust 

and what appear to be ship emissions (acidic sulfate and nitrate).  Mean (median) mass 

concentrations of the total submicrometer and supermicrometer aerosol were 6.5 (4.6) µg 

m-3 and 17.2 (8.7) µg m-3, respectively.  These mass loadings of “background” aerosol 

are much higher than typically observed in the marine atmosphere and thus have a 

substantial impact on the radiative energy balance over the Gulf of Mexico and 

particulate matter (PM) loadings (air-quality) in the Houston-Galveston area.  As this 

background aerosol moved onshore, local urban and industrial sources added an organic 

rich submicrometer component (66% particulate organic matter (POM), 20% sulfate, 

14% elemental carbon) but no significant supermicrometer aerosol.  The resulting aerosol 

had mean (median) mass concentrations of the total submicrometer and supermicrometer 

aerosol of 10.0 (9.1) µg m-3 and 16.8 (11.2) µg m-3, respectively.  These airmasses, with 

minimal processing of urban emissions contained the highest SO2/(SO2 + SO4
=) ratios 

and the highest hydrocarbon-like organic aerosol to total organic aerosol ratios 

(HOA/POM).  In contrast, during periods of offshore flow, the aerosol was more 
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processed and, therefore, much richer in oxygenated organic aerosol (OOA). Mean 

(median) mass concentrations of the total submicrometer and supermicrometer aerosol 

were 20.8 (18.6) µg m-3 and 7.4 (5.0) µg m-3, respectively.  Sorting airmasses based on 

their trajectories and time-over-land provides a means to examine the effects of transport 

and subsequent chemical processing.   Understanding and parameterizing these processes 

is critical for the chemical transport modeling that forms the basis for air quality forecasts 

and radiative forcing calculations. 
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Scattering and absorption of solar radiation by atmospheric particles affect Earth’s 

radiation budget [Intergovernmental Panel on Climate Change (IPCC), 2007] and impair 

visibility [Malm et al., 1994].  Aerosol particles also affect cloud properties (i.e., albedo, 

lifetime, extent, and precipitation) [IPCC, 2007] and human health [Harrison and Yin, 

2000], and upon deposition can harm sensitive aquatic and terrestrial ecosystems 

[Schindler et al., 1989]. The effective management of these climate and air quality issues 

requires model systems that accurately parameterize the basic chemical and dynamical 

processes (e.g., emissions, atmospheric mixing and transport and chemical and physical 

transformations) that determine the atmospheric composition of aerosol particles and 

their precursors.  The resulting calculated aerosol distributions must be evaluated against 

field measurements to identify the processes limiting model accuracy and to improve 

these model parameterizations.  Reported here are aerosol distributions measured during 

the Texas Air Quality Study (TexAQS) and the Gulf of Mexico Atmospheric 

Composition and Climate Study (GoMACCS) aboard the NOAA R/V Ronald H. Brown 

(Figure 1).  This intensive field study focused on providing a better understanding of the 

sources and atmospheric processes responsible for the formation and distribution of 

ozone and aerosols in the atmosphere and the influence that these species have on the 

regional radiative forcing of climate and air quality. 
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The data reported here are available at http://saga.pmel.noaa.gov/data/.  All references to 

time are reported here in CDST (UTC -5 hours).  Aerosol mass concentrations are 

reported as µg m-3 at STP (25ºC and 1 atm). 

 

2.1. Aerosol Sample Inlet   

Aerosol particles were sampled 18m above the sea surface through a heated mast that 

extended 5 m above the aerosol measurement container.  The mast was capped with a 

horizontal inlet nozzle that was rotated into the relative wind to maintain nominally 

isokinetic flow and minimize the loss of supermicrometer particles. Air entered the inlet 

through a 5 cm diameter hole, passed through a 7 degree expansion cone, and then into 

the 20 cm inner diameter sampling mast.  The flow through the mast was 1 m3 min-1. The 

transmission efficiency for particles with aerodynamic diameters less than 6.5 μm (the 

largest size tested) is greater than 95% [Bates et al., 2002].   

 

The bottom 1.5 meters of the mast and the humidity controlled chamber containing the 

impactors, nephelometers and sizing instruments were heated or cooled to establish a 

stable reference relative humidity (RH) for the sample air of ≈ 60%.  A stable reference 

RH allows for constant instrumental size segregation in spite of variations in ambient RH 

and results in chemical, physical, and optical measurements which are directly 

comparable. In addition, measurement at a constant reference RH makes it possible, with 

the knowledge of appropriate growth factors, for end users of the data set (process, 

chemical transport, and radiative transfer models) to adjust the measured parameters to a 
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desired relative humidity. A reference RH of 60% was chosen because it is above the 

crystallization humidity of most aerosol components and component mixtures [Carrico et 

al., 2003].  For the atmospheric conditions encountered during TexAQS-GoMACCS 

2006, it was possible to maintain the humidity controlled chamber at 58 ± 3.4% RH while 

heating the aerosol 2.5 ± 2.6°C (range -8 to +8°C) above the ambient temperature.  The 

mean temperature in the chamber was 32.8 ± 1.4°C.  For the continuous flow instruments 

discussed below (e.g., AMS, PILS-IC, PILS-WSOC, Semi-continuous OC) the aerosol 

was heated for approximately 2 sec.   

  

2.2. Aerosol Chemical Composition 

2.2.1. Impactor sample collection for chemical analysis.  Twenty one 1.6 cm outer 

diameter stainless steel tubes extended into the heated portion of the mast.  These were 

connected to the aerosol instrumentation and impactors with conductive silicon tubing to 

prevent electrostatic loss of particles or stainless steel tubing for the lines to the impactors 

used for collection of carbonaceous aerosol and the aerosol mass spectrometer (AMS). 

 

The air flow to the impactors was controlled so that air was sampled only when the 

concentration of particles greater than 15 nm in diameter indicated the sample air was 

free of Ronald H. Brown emissions (i.e., there were no rapid increases in particle 

concentration), the relative wind speed was greater than 3 m s-1, and the relative wind 

was forward of the beam.   
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One and two-stage multi-jet cascade impactors [Berner et al., 1979] were used to 

determine sub- and supermicrometer concentrations of inorganic ions, organic and 

elemental carbon (OC and EC), and inorganic oxidized material (IOM).  The 50% 

aerodynamic cutoff diameters of the impactors, D50,aero, were 1.1 and 10 µm.   The RH of 

the sampled air stream was measured a few inches upstream from the impactors.  

Throughout the paper submicrometer refers to particles with Daero < 1.1 µm at 58 ± 3.4% 

RH and supermicrometer refers to particles with 1.1 µm < Daero < 10 µm at 58 ± 3.4% 

RH. Sampling periods ranged from 2 to 14 hours for all impactor samples.  Blank levels 

were determined by loading an impactor with substrates but not drawing any air through 

it.  
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2.2.2. Impactor sampling for inorganic ions.  Sub- and supermicrometer concentrations 

of Cl-, NO3
-, SO4

=, methanesulfonate (MSA-), Na+, NH4
+, K+, Mg+2, and Ca+2 were 

determined by ion chromatography (IC) [Quinn et al., 1998].  Non-sea salt sulfate 

concentrations were calculated by subtracting sea-salt sulfate (based on Na+ 

concentrations and the ratio of sulfate to sodium in seawater) from the total sulfate.  Sea 

salt aerosol concentrations were calculated as 

 

 sea salt (µg m-3) = Cl- (µg m-3) + Na+ (µg m-3) x 1.47  (1) 

 

where 1.47 is the seawater ratio of (Na+ + K+ + Mg+2 + Ca+2 + SO4
= + HCO3

-) / Na+ 

[Holland, 1978].  This approach prevents the inclusion of non-sea salt K+, Mg+2, Ca+2, 

SO4
=, and HCO3

- in the sea salt mass and allows for the loss of Cl- mass through Cl- 

 7



depletion processes.  It also assumes that all measured Na+ and Cl- is derived from 

seawater.  Results of Savoie and Prospero [1980] indicate that soil dust has a minimal 

contribution to measured soluble sodium concentrations. 
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Sources of uncertainty in the ionic mass include the air volume sampled (± 5%), the 

extract liquid volume (± 3.3%), 2 times the standard deviation of the blank values 

measured over the course of the experiment, and the precision/calibration of the method 

(± 5%).  The average overall uncertainly in the total ionic submicrometer mass was ± 

8.5%. 

 

2.2.3. Impactor sampling for organic and elemental carbon.  Submicrometer and sub-

10 μm samples were collected using 2 and 1 stage impactors, respectively [Bates et al., 

2004].  A denuder was deployed upstream of the submicrometer impactor to remove gas 

phase organic species. OC and EC concentrations were determined with a Sunset 

Laboratory thermal/optical analyzer. The thermal program was the same as that used in 

ACE Asia [Mader et al., 2003; Schauer et al., 2003]. Four temperature steps were used to 

achieve a final temperature of 870°C in He to drive off OC.  After cooling the sample 

down to 550°C, a He/O2 mixture was introduced and the sample was heated in four 

temperature steps to 910°C to drive off EC.  The transmission of light through the filter 

was measured to separate EC from any OC that charred during the initial stages of 

heating. No correction was made for carbonate carbon so OC includes both organic and 

carbonate carbon.  
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The mass of supermicrometer particulate organic matter (POM) was determined by 

multiplying the measured organic carbon concentration in μg m-3 by a factor of 2.0.  The 

POM factor is an estimated average of the molecular weight per carbon weight and is 

based on a review of published measurements of the composition of organic aerosol in 

urban and nonurban regions [Turpin and Lim, 2001].  Based on the range of values given 

by Turpin and Lim [2001], the POM factor has an uncertainty of ± 31%.  Note that the 

submicrometer POM values reported here were obtained from the AMS, not the impactor 

samples (discussed further in section 3.2.1). 

 

The uncertainties associated with positive and negative artifacts in the sampling of semi-

volatile organic species can be substantial and are discussed below.  Other sources of 

uncertainty in the POM mass include the air volume sampled (± 5%), 2 times the 

standard deviation of the blanks measured over the course of the experiment, the 

precision/calibration of the method (± 5%) based on the results of Schauer et al. [2003], 

and the POM factor (± 31%).  The average of the quadratic sum of these errors, ignoring 

positive and negative artifacts, yields an uncertainty of ± 13% for OC and ± 33% for 

POM. 

 

Sources of uncertainty in the EC mass include the air volume sampled (± 5%) and the 

precision/calibration of the method (± 13%) based on the results of Schauer et al. [2003].  

A quadratic sum of these errors involved yields an uncertainty of ± 14%. 

 

2.2.4. Impactor sampling for inorganic oxidized material (dust).  Total elemental 

composition (Na, Mg, Al, Si, P, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ba, As, and Pb) 
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was determined by thin-film x-ray primary and secondary emission spectrometry [Bates 

et al., 2004].  A component composed of inorganic oxidized material (IOM) was 

constructed from the elemental data.  The IOM most likely was composed of soil dust 

and/or fly ash.  These two components are difficult to distinguish based on elemental 

ratios.  To construct the IOM component, the mass concentrations of Al, Si, Ca, Fe, and 

Ti, the major elements in soil and fly ash, were combined.  It was assumed that each 

element was present in the aerosol in its most common oxide form (Al2O3, SiO2, CaO, 

K2O, FeO, Fe2O3, TiO2).  The measured elemental mass concentration was multiplied by 

the appropriate molar correction factor as follows 
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[IOM] = 2.2[Al] + 2.49[Si] + 1.63[Ca] + 2.42[Fe]+1.94[Ti]  (2) 

 

[Malm et al., 1994; Perry et al., 1997].  This equation includes a 16% correction factor to 

account for the presence of oxides of other elements such as K, Na, Mn, Mg, and V that 

are not included in the linear combination.  In addition, the equation omits K from 

biomass burning by using Fe as a surrogate for soil K and an average K/Fe ratio of 0.6 in 

soil [Cahill et al., 1986].  

 

Sources of uncertainty in the IOM mass concentration include the volume of air sampled 

(± 5%), the area of the filter (± 5%), 2 times the standard deviation of the blank values 

measured over the course of the experiment for each element,  and the precision of the X-

ray analysis [Feely et al., 1991].  The average overall uncertainty in the IOM mass, 

propagated as a quadratic sum of the errors, was ± 12%. 
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2.2.5. Impactor sampling for gravimetrically determined mass. Films and filters were 

weighed at PMEL with a Cahn Model 29 and Mettler UMT2 microbalance, respectively 

[Quinn and Coffman, 1998].  The balances are housed in a glove box kept at a humidity 

of 65 ± 4%. The resulting mass concentrations from the gravimetric analysis include the 

water mass that is associated with the aerosol at 65% RH.  The average uncertainty in 

submicrometer gravimetric mass, calculated as outlined in Quinn et al. [2000], was ± 

8.4%.  
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2.2.6 Aerodyne mass spectrometer sampling of non-refractory aerosol composition. 

Concentrations of submicrometer NH4
+, SO4

=, NO3
-, and POM were measured with a 

Quadrupole Aerosol Mass Spectrometer (Q-AMS) (Aerodyne Research Inc., Billerica, 

MA, USA) [Jayne et al., 2000]. The species measured by the AMS are referred to as non-

refractory (NR) and are defined as all chemical components that vaporize at the vaporizer 

temperature of ∼550°C. This includes most organic carbon species and inorganic species 

such as ammonium nitrate and ammonium sulfate salts but not mineral dust, elemental 

carbon, or sea salt. The ionization efficiency of the AMS was calibrated every few days 

with dry monodisperse NH4NO3 particles using the procedure described by Jimenez et al. 

[2003].  The instrument operated on a 5 min cycle with the standard AMS aerodynamic 

lens.  

The POM aerosol was divided into two fractions, a hydrocarbon-like organic aerosol 

(HOA) and an oxygenated organic aerosol (OOA) using a multiple linear regression of 

the m/z 57 and m/z 44 signals, respectively [Algorithm 1, Zhang et al., 2005].  The 

regression was conducted on the entire data set and the reconstructed organic 
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concentrations (HOA + OOA) agreed well with the measured values (r2=0.97, 

slope=0.97).  The regression coefficients determined in the AMS mass spectral mode 

were used to derive the HOA and OOA mass size distributions.  A two component 

analysis, as conducted here, can under [Ulbrich et al., 2008] or over [Lanz et al., 2008] 

represent the OOA fraction by up to 20% in cases where more than 2 components are 

needed to describe the data set.  Although there was no evidence for a wood burning 

aerosol source (elevated concentrations of non-sea-salt potassium) in the study area, we 

do not equate HOA and OOA to primary or secondary organic aerosol as the direct 

emission of oxygenated aerosol species from sources like biomass burning, charbroiling, 

food cooking can not be ruled out [Lanz et al., 2007]. A more detailed positive matrix 

factorization of this data set will be presented in a subsequent manuscript. 
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The collection efficiency of the AMS is the product of the transmission of particles 

through the aerodynamic lens (EL), the efficiency with which particles are focused by the 

lens and directed to the vaporizer (Es), and the degree to which particles are vaporized 

and analyzed versus bounced off the vaporizer (EB) [Huffman et al., 2005]. The AMS 

sampled downstream of an impactor with a 50% aerodynamic cut-off diameter of 1.1 μm.  

The collection efficiency of the aerodynamic lens, EL, on the AMS inlet, however, is less 

than 1 for particles with aerodynamic diameters between 500 nm and 1 μm [Jayne et al., 

2000].  Particle losses in this size range were corrected using a linear EL collection 

efficiency curve (where EL was equal to 100% at 550 nm and 10% at 1000 nm vacuum 

aerodynamic diameter) and the fraction of particle mass measured in the 0.5 to 1.0 μm 

size bins of the differential mobility particle sizer (DMPS) and aerodynamic particle sizer 

(APS).   The correction added, on average, 14 ± 8% to the AMS total mass.   
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The shape-related collection efficiency, ES, depends on the efficiency with which 

particles are focused by the lens and directed to the vaporizer [Jayne et al., 2000; 

Huffman et al., 2005]. Based on beam width probe data, there was no indication that this 

factor was different from one for this data set. The collection efficiency due to particle 

bounce, EB, appears to be a function of particle water content and chemical composition 

[Allan et al., 2003]. The AMS sampling line coming from the humidity controlled 

chamber (58 ± 3.4% RH) was controlled to 52 ± 3.2% RH.  Pure ammonium nitrate 

particles, used in the calibration of the instrument have an EB of nearly 1 [Jayne et al., 

2000]. Particles with a high percentage of ammonium sulfate have an EB of around 0.5 

[Allan et al., 2004; Matthew et al., 2008]. An EB of 0.5 is often used when no other 

chemical information is available. Comparison of the size corrected (EL) AMS NR sulfate 

from this cruise with sulfate derived from a particle-into-liquid-sampler coupled to an ion 

chromatograph (PILS-IC) suggests an EB that varied from 1 for acidic sulfate 

(ammonium to sulfate molar ratio of < 0.5) to 0.54 for ammonium sulfate. Therefore, EB 

was assigned to each 5 minute sample based on the AMS ammonium to sulfate molar 

ratio with EB as an exponential function of the ammonium to sulfate molar ratio varying 

from 0.54 to 1 for ammonium to sulfate molar ratios of 2 to 0.5. There was no indication 

from the AMS mass size distributions that the ammonium to sulfate molar ratio varied as 

a function of size over the accumulation mode size range. A linear regression of 5 minute 

transmission and bounce corrected AMS sulfate concentrations versus PILS-IC sulfate 

concentrations yielded a slope of 0.95 and an r2 of 0.81. The uncertainty in the AMS 

concentration measurements during TexAQS/GoMACCS was estimated at ± 20%.  
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2.2.7 PILS sampling of water soluble organic carbon. Water soluble organic carbon 

(WSOC) was measured with a particle-into-liquid-sampler (PILS) [Weber et al., 2001, 

Orsini et al., 2003] coupled to a Sievers Model 800 Turbo Total Organic Carbon 

Analyzer [Sullivan et al., 2006].  WSOC is operationally defined as the fraction of 

particulate organic carbon that is collected in water by the PILS and penetrates a 0.5 μm 

filter [Sullivan et al., 2004]. The PILS sampled downstream of an impactor with a 50% 

aerodynamic cut-off diameter of 1.1 μm.  A parallel plate carbon denuder was placed 

upstream of the PILS to remove gas phase organic compounds.  The flow was split 

downstream of the denuder with a 15 l min-1 bypass flow and 15 l min-1 going to the 

PILS.    The sample air was passed through a HEPA filter for 15 minutes every 45-120 

minutes to remove particles and determine the measurement background.  This 

measurement background was subtracted from the sample air to obtain WSOC 

concentrations.  The water flow coming out of the PILS passed through a 0.5 μm in-line 

filter to remove particles. The system was standardized by running a dilute liquid sucrose 

sample through the PILS with the sample air passing through the HEPA filter.  Dilution 

of the sample within the PILS was corrected by directly measuring the water flows 

through the debubbler, drain and top of the PILS impactor. Data were recorded every 1 

min. The WSOC relative uncertainty was estimated to be between ± 20% based on the 

combined uncertainties associated with air (± 5%) and liquid (± 5%) flows, calibration (± 

5%) and background variability (± 17%). 
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2.2.8 PILS sampling of inorganic ions. Inorganic ions were measured with a PILS 

coupled to two Metrohm Compact 761 ion chromatographs (IC) operated for the analysis 
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of cations and anions [Weber et al., 2001, Orsini et al., 2003]. The PILS sampled 

downstream of an impactor with a 50% aerodynamic cut-off diameter of 1.1 μm.  The 

flow was split downstream of the impactor with a 15 l min-1 bypass flow and 15 l min-1 

going to two denuders (URG, Inc) located in series after the impactor and upstream of the 

PILS.  One denuder was coated with sodium carbonate to remove gas phase acids and a 

second denuder was coated with phosphorous acid to remove gas phase bases.   The 

sample air was periodically valved through a HEPA filter to remove particles and 

determine the measurement background.  Samples were collected and analyzed every 5 

min.  The system was standardized by injecting standard solutions directly into the IC 

loops.  Dilution of the sample within the PILS was corrected by directly measuring the 

water flows through the debubbler, drain and top of the PILS impactor.   
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2.2.9 Sunset Laboratory semi-continuous sampling of organic carbon. Organic 

carbon also was measured with a Sunset Laboratory real-time, semi-continuous 

thermal/optical carbon analyzer.  The instrument sampled downstream of an impactor 

with a 50% aerodynamic cut-off diameter of 1.1 μm and a parallel plate carbon denuder 

to remove gas phase organic compounds.  The flow was split downstream of the denuder 

with a 21 l min-1 bypass flow and 9 l min-1 going to the carbon analyzer (filter face 

velocity = 97 cm sec-1). The instrument sampled air for 45 or 105 minutes depending on 

the OC concentrations. At the end of the sampling time the instrument analyzed the filter 

(15 minutes) using the same temperature program as the laboratory instrument described 

above. The concentration of evolved CO2 was measured with an NDIR detector. The 

sampling times were not sufficient to measure EC above the instrument detection limit 
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(0.35 μg m-3 based on a 45 min sample time). The sample air was periodically valved 

through a HEPA filter for the 45 or 105 minute sampling time to remove particles and 

determine the measurement background.  Sources of uncertainty for the real-time semi-

continuous OC measurement include the air volume sampled (5%), the precision of the 

method (3%) based on injection of a CH4 standard with each run, and the variability of 

the background signal (20%). The total uncertainty, excluding positive or negative 

artifacts, propagated as a quadratic sum of the errors was ± 21%. 

 

2.3. Ozone, Sulfur Dioxide, and Carbon Monoxide 

At the base of the sampling mast a 1.4 Lmin-1 flow was pulled through a 0.32 cm ID, 2m 

long Teflon tube into a TECO 49c ozone analyzer that had been calibrated to a NIST 

traceable analyzer at NOAA-GMD.  Data were recorded in 10 sec averages.  The 

detection limit was 2 ppbv and the overall uncertainty was ± 2 ppbv + 5%. 

 

Similarly, at the base of the sampling mast a 0.5 L min-1 flow was pulled through a 0.32 

cm inner diameter, 1m long Teflon tube, a Millipore Fluoropore filter (1.0-um pore size) 

housed in a Teflon filter holder, a Perma Pure Inc. Nafion Drier (MD-070, stainless steel, 

61 cm long) and then through 2 m of Telfon tubing to a Thermo Environmental 

Instruments Model 43C Trace Level Pulsed Fluorescence SO2 Analyzer. The initial 1 m 

of tubing, filter and drier were located in the humidity controlled (60%) chamber at the 

base of the mast. Dry zero air (scrubbed with a charcoal trap) was run through the outside 

of the Nafion Drier at 1 Lmin-1. Data were recorded in 10 sec averages. 
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Zero air was introduced into the sample line upstream of the Fluoropore filter for 10 

minutes every 6 hours to establish a zero baseline. An SO2 standard was generated with a 

permeation tube (Vici Metronics, 21.6 ng S min-1 at 40˚C). The flow over the permeation 

tube, diluted to 5.6 ppb, was introduced into the sample line upstream of the Fluoropore 

filter for 10 minutes every 24 hours. The limit of detection for the 1 min data, defined as 

2 times the standard deviation of the signal during the zero periods, was 100 ppt. 

Uncertainties in the concentrations based on the permeation tube weight and dilution 

flows was < 5%.  

CO was measured with a modified AeroLaser GmbH [Garmisch-Partenkirchen, 

Germany] AL5002 Ultra-Fast CO analyzer, a commercially-available vacuum-UV 

resonance fluorescence instrument [Gerbig et al., 1999]. Ambient air was sampled from 

an inlet located approximately 16 m above waterline and 5 m starboard of the aerosol 

mast inlet; sample air was pulled through a 1.59 cm ID, 10 m long PFA manifold at a 

flow of 200 lpm to the instrument location.  A 0.32 cm ID, 1 m long PFA tap delivered 

the sample to a Nafion drying tube, which  reduced water vapor to less than 0.5 ppth.  

The CO analyzer then measured the dried air. Mixing ratios were reported for ambient air 

by correcting for the removed water vapor - using the water vapor mixing ratio measured 

at the inlet with a Vaisala RH probe.  The water mixing ratio was typically 30 ppth (3%) 

during the campaign, and the correction was always less than 4%. Data were collected at 

1 Hz and averaged to 1-minute resolution; the total uncertainty was 3%, with a limit of 

detection of 1.5 ppbv. 

2.4. Radon  
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222Rn (half-life 3.82 days) was detected with a dual-flow loop two-filter detector 

[Whittlestone and Zahorowski, 1998].   The photomultiplier counted the radon daughters 

produced in the 750L decay/counting tank with a lower limit of detection of 80 mBq m-3 

for a 30 minute count (with 30% error).  The radon detector was standardized using radon 

emitted from a dry radon source (RN-25, Pylon Electronics Corp., 2850 mBq min-1) 

following the procedures outlined by Whittlestone and Zahorowski [1998].  The 

background counts were measured with the air flow set to zero. 
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2.5. Number Size Distributions 

One of the 21 mast tubes was used to supply ambient air to a short column differential 

mobility particle sizer (Aitken-DMPS), a medium column differential mobility particle 

sizer (Accumulation-DMPS) and an aerodynamic particle sizer (APS, TSI model 3321). 

The two DMPSs were located in a humidity-controlled box (RH = 60%) at the base of the 

mast.  The Aitken-DMPS was a short column University of Vienna [Winklmeyer et al., 

1991] instrument connected to a TSI 3760A particle counter (TSI, St. Paul, MN) 

operating with a positive center rod voltage to sample particles with a negative charge. 

Data were collected in 10 size bins from 20 to 200 nm geometric diameter. The Aitken-

DMPS operated with an aerosol flow rate of 1 L min-1and a sheath air flow rate of 10 L 

min-1. The Accumulation-DMPS was a medium column University of Vienna instrument 

connected to a TSI 3760A particle counter operating with a positive center rod voltage to 

sample particles with a negative charge. The aerosol was charged with a Kr85 charge 

neutralizer (TSI model 3077) upstream of each DMA also at 60% RH. Data were 

collected in 7 size bins from 200 to 800 nm diameter. The Accumulation-DMPS operated 
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with an aerosol flow rate of 0.5 L min-1and a sheath air flow rate of 5 L min-1. The 

relative humidity of the sheath air for both DMPSs was controlled resulting in a 

measurement RH in the DMPSs of approximately 60%. With this RH control the aerosol 

should not have effloresced if it was hydrated in the atmosphere [Carrico et al., 2003]. 

Mobility distributions were collected every 5-minutes.  
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The mobility distributions were inverted to a number distribution assuming a Fuchs-

Boltzman charge distribution from the charge neutralizer. The overlapping channels 

between the two instruments were eliminated in the inversion. The data were corrected 

for diffusional losses and size dependent counting efficiencies. The estimated uncertainty 

in the number concentration in each bin, based on flow uncertainties was ± 10%. The 

DMPS data were converted from geometric diameters to aerodynamic diameters using 

calculated densities and the water masses associated with the inorganic ions at the 

measurement RH.  The densities and associated water masses were calculated with a 

thermodynamic equilibrium model (AeRho) using the measured chemical data [Quinn et 

al., 2002]. 

The APS was located in the lower humidity controlled box (60% RH) at the base of the 

mast. The inlet to the APS was vertical and its sample withdrawn isokinetically from the 

larger flow to the DMPS.  The APS was modified to minimize internal heating of the 

sample flow in the APS by its sheath flow and waste heat and thus maintain 60% RH 

[Bates et al., 2005].  Number size distributions were collected with the APS every 5 

minutes.  The APS data were collected in 34 size bins with aerodynamic diameters 

ranging from 0.96 to 10.37 µm.  The APS has been shown to underestimate the size of 
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irregularly shaped particles, such as dust, by an average of 25% [Marshall et al., 1991].  

Since dust was a major component of the TexAQS/GoMACCS aerosol, the APS data 

were corrected for nonspherical particle shape using the dynamic shape factor (1.18) and 

ultra-Stokesian corrections of Cheng et al. [1993] as summarized in Quinn et al. [2004].  

The estimated uncertainty in the supermicrometer size distribution was ± 10%.  
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2.6. Seawater DMS 

Seawater entered the ship at the bow, 5.6 m below the ship waterline, and was pumped to 

the ship laboratory at approximately 30 lpm (water residence time within the ship was < 5 

min).  Every 30 minutes, a 5 ml water sample was valved from the ship water line 

directly into a Teflon gas stripper.  The sample was purged with hydrogen at 80 ml min-1 

for 5 min. DMS and other sulfur gases in the hydrogen purge gas were collected on a 

Tenax filled trap held at -5ºC.  During the sample trapping period, 6.2 pmoles of 

methylethyl sulfide (MES) were valved into the hydrogen stream as an internal standard.  

At the end of the sampling/purge period the trap was rapidly heated to 120ºC and the 

sulfur gases were desorbed from the trap, separated on a DB-1 megabore fused silica 

column held at 70ºC, and quantified with a sulfur chemiluminesence detector.  Between 

each water sample the system analyzed either a DMS standard or a system blank.  The 

system was calibrated using gravimetrically calibrated DMS and MES permeation tubes.  

The precision of the analysis has been shown to be ± 2% based on replicate analysis of a 

single water sample at 3.6 nM DMS. 

 

2.7. Back trajectories 
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FLEXPART, a Lagrangian particle dispersion model [Stohl et al., 1998; Stohl and 

Thomson, 1999], was used to determine the origin of aerosols that had undergone 

transport to the ship. FLEXPART was driven with model-level data from the European 

Centre for Medium-Range Weather Forecasts (ECMWF) at a resolution of 0.36° x 0.36° 

in the area of interest here.  The ECMWF model has four levels in the lowest 100 m of 

the atmosphere and can resolve some of the structure of the marine boundary layer.  

Backward simulations, as described by Seibert and Frank [2004], were done along the 

ship track every hour. Every simulation consisted of 40,000 particles released in the 

volume of air sampled. The backward simulations are done with full turbulence and 

convection parameterizations. The primary output of FLEXPART is an emission 

sensitivity, which indicates where and when emissions could have impacted the sampled 

air mass.  The impact of surface emissions on the sampled air mass, for instance, is 

proportional to the local product of the emission strength and the emission sensitivity at 

the lowest altitude (the so-called footprint).  For the purpose of classifying air masses 

according to their origin, the emissions sensitivity fields can be interpreted analogous to 

traditional air mass back trajectories. 
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2.8. Calculations of aerosol water content 

The chemical thermodynamic equilibrium model AeRho was used to estimate the water 

mass associated with the inorganic ions at 60% RH and at ambient humidity. It was 

assumed that the inorganic aerosol was an internal mixture containing all measured ionic 

species. The chemical reactions included in the model, the crystallization humidities used 

for the solid phase species, and the method for the calculation of the aerosol water 
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content are given in Quinn et al., [2002]. Both the IOM and the organic mass were 

assumed to not take up any water. AeRho was also used to calculate the refractive index 

and density for each chemical component based on measured size distributions and 

chemical composition. To check for internal consistency in the measured and modeled 

parameters, closure experiments were performed for measured and calculated mass 

(summarized in section 3.1.3).  
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2.9. Calculations of mixing height 

Mixing heights were calculated using velocity and aerosol data acquired from NOAA's 

High Resolution Doppler Lidar (HRDL), a 2 micrometer wavelength, motion stabilized, 

scanning, coherent, Doppler lidar that provides velocity and signal strength estimates 

with 30 meter line-of-sight range resolution and an update rate of 2 Hz [Grund, 2001].  

Processing of velocity and backscatter data from various scan sequences provided high 

vertical resolution (5-30 meter) profiles of horizontal mean wind speed and direction, and 

30 meter vertical resolution profiles of both atmospheric velocity variance and 

uncalibrated aerosol backscatter.  A new set of profiles was acquired once every 15 

minutes during the experiment.  In this application, mixing height is defined as the top of 

the layer in turbulent connection with the surface.  For most of the experiment, mixing 

height was estimated directly from turbulence profiles [Tucker et al., manuscript in 

preparation] by searching for the height in the variance profiles at which surface-

connected turbulence dropped below the threshold of 0.04 m2/s2 (20 cm/s).  Hourly 

averages of the mixing heights were used in this study.  
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3. Results and Discussion 477 
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3.1. Regional aerosol chemical composition 

3.1.1 Air mass categories. The Azores High dominated the study region during most of 

August bringing southeasterly flow into the Gulf of Mexico.  FLEXPART back 

trajectories showed that the air masses sampled at the ship had been over the Atlantic 

Ocean during the previous week, occasionally passing over North Africa (Figure 2).   

Weather conditions during September were controlled by the local synoptic meteorology. 

Winds were generally light and variable with land/sea breezes established during the 

night/day.  The dominant flow was from the north.  

 

A goal of this study was to characterize the regional aerosol chemical composition and 

the factors controlling this composition.  Categorizing the aerosol data by source region, 

however, was complicated by the light, variable, and recirculating winds.  In analyzing 

the data, three source categories emerged.  We use Flexpart back trajectories, 

atmospheric radon measurements, and ship position to define these three categories.  

Category One (35% of the data) was defined by southerly (ESE to WSW) trajectories 

with the ship in the Gulf of Mexico.   The mixing height of the marine boundary averaged 

540±140 m with no diurnal cycle. Low (generally <500 mBq m-3) radon values indicated 

that the air mass had been over the water for several days.      Thus Category One was the 

“background” aerosol advecting into North America.  Category Two (39% of the data) 

was defined by the same trajectory and low radon values but with the ship sampling 

inland from the Gulf (e.g., Galveston Bay, Houston Ship Channel, Matagorda Bay, 

Beaumont).  This constitutes the “background” aerosol with the addition of local sources.  
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The boundary layer mixing heights for Category Two varied diurnally with a very 

shallow stable layer (200-300 m) at night and convective mixing to ≈ 800 m during the 

day. Category Three (26% of the data) was defined by northerly (WNW to ENE) 

trajectories.  Radon concentrations ranged from 1000 to 10000 mBq m-3 indicating that 

the air mass had recently been over the continent.  The boundary layer mixing heights for 

Category Three also varied diurnally when the ship was close to land with a very shallow 

stable layer (100-300 m) at night and convective mixing to ≈1200 m during the day.  

Offshore, the mixings heights averaged  540 m at all times of the day. 

 

3.1.2 Submicrometer aerosol composition. The submicrometer aerosol advecting into 

North America (Category 1) was predominantly NR-NH4
+ + NR-SO4

=, (61 ± 23%) with 

an ammonium to sulfate molar ratio of 0.79 ± 0.42 (Figure 3).  The airmass was highly 

impacted by IOM which made up 30 ± 26% of the dry aerosol (defined here as the sum of 

the chemically analyzed mass) submicron mass (6.5 ± 5.0 µg m-3).  This IOM was most 

likely Saharan dust based on calculated back trajectories and elemental ratios.  The third 

most abundant component, NR-POM, comprised only 6.1 ± 4.8% of the total mass and 

was highly oxidized with an OOA/NR-POM ratio of 0.87.  This ratio is between the 

Northern Hemisphere average “urban downwind” (83%) and “rural/remote” (95%) 

values reported by Zhang et al. [2005], suggesting some local influence of HOA. 

 

As the Gulf of Mexico “background” aerosol advected into Texas, the mean dry mass 

increased from 6.5 ± 5.0 µg m-3 to 10.0 ± 5.2 µg m-3.  The submicrometer aerosol was 

still predominantly NR-NH4
+ + NR-SO4

= (44 ± 17%) and IOM (28 ± 24%) but now 
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included a much larger NR-POM fraction (22 ± 14%) (Figure 3). By difference, the 

added aerosol was predominantly NR-POM (66%), NR-NH4
+ + NR-SO4

= (20%), and EC 

(14%).   Adding this urban and industrial component resulted in an aerosol that was much 

less acidic (ammonium to sulfate molar ratio of 1.55 ± 0.60) and a NR-POM fraction that 

was much less oxidized (OOA/NR-POM ratio of 0.60) than the “background” aerosol.   

 

Submicrometer aerosol concentrations were highest during northerly flow (Category 

Three) averaging 21 ± 11 µg m-3.  The aerosol was predominantly NR-NH4
+ + NR-SO4

= 

(51 ± 16%) and NR-POM (36 ± 14%).  The ammonium to sulfate molar ratio was similar 

to the Category Two aerosol (1.63 ± 0.54) but the NR-POM was much more oxidized 

(OOA/NR-POM ratio of 0.90). 

 

3.1.3 Supermicrometer aerosol composition.  The supermicrometer aerosol advecting 

into North America (Category 1) was predominantly seasalt (38 ± 13%) and dust (33 ± 

24%) (Figure 4).  With an ammonium to sulfate molar ratio of only 0.16, the sulfate (6.2 

± 2.5%) and nitrate (15 ± 11%) were likely associated with the seasalt or dust.  The 

average supermicrometer dry mass (17.2 ± 21 µg m-3) was 3 times higher than the 

Category 1 submicrometer aerosol.  The Category 2 supermicrometer aerosol was very 

similar to Category 1 with slightly higher concentrations of nitrate and POM (Figure 4). 

 

Under northerly flow the supermicrometer aerosol concentrations (7.4 ± 8.2 µg m-3) were 

only 1/3 of the submicrometer aerosol concentrations.  The dominant aerosol component 
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was POM (37 ± 20%) followed by IOM (30 ± 21%), sulfate (13 ± 11%), nitrate (11 ± 

8%), and sea salt (9 ± 11%). 

 

3.1.4 PM 2.5 mass.  Air quality regulations in the United States are based on aerosol 

mass concentrations of particles with diameters less than 2.5 µm. The aerosol sampling 

system deployed on Ronald H. Brown during TexAQS/GoMACCS used impactors, with 

a 50% aerodynamic cutoff diameter at 1.1 µm at 60% RH, to separate and sample the two 

dominant mass modes of the aerosol size distribution, the accumulation and coarse modes 

(Figure 5).  It is instructive to study these modes separately as they differ in sources, 

chemical composition (see above), removal mechanisms, optical properties, and health 

effects.  Conducting measurements at a constant RH also facilitates comparisons of the 

aerosol mass determined by different methods (mass closure) which can be used to assess 

measurement/model uncertainties.  Ultimately these measurements can be used to 

calculate PM2.5 mass at a fixed RH or at ambient RH if mass closure can be 

demonstrated. 

 

Submicrometer and supermicrometer aerosol mass concentrations during 

TexAQS/GoMACCS were determined gravimetrically, by summing the chemically 

analyzed species, and from the number size distribution using the density of the total 

aerosol mixture estimated with AeRho.  The amount of water associated with the aerosol 

at 60% RH was added to the chemically analyzed mass for comparison with the other 

methods.  As shown in Figure 6 and Table 1, the mass concentrations from the three 

methods agreed within the overall uncertainty of the closure experiment (26% - 
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calculated from a quadrature sum of the uncertainties from each of the three methods).  

This supports our calculations of mass concentrations for different size classifications. 

 

The PM2.5 mass was calculated from the mass size distribution (Figure 5).  Note that this 

size cut included a large fraction of the coarse mode aerosol which was a significant part 

(30-40%) of the PM2.5 mass during southerly flow (Table 1).  The U.S. Environmental 

Protection Agency (EPA) has an annual mean standard of 15 µg m-3 for PM 2.5.  If the 

measurements during the August/September 2006 campaign of TexAQS/GoMACCS are 

representative of the whole year, the Galveston/Houston region violates the standard 

based solely on the air coming into Texas under southerly flow. 

 

3.2. Regional aerosol characteristics and sources 

3.2.1 Organic aerosol. 

Atmospheric organic aerosol is comprised of many different compounds with a range of 

solubilities and volatilities [Fuzzi et al., 2006].  This complexity leads to measurements 

of total organic aerosol that are operationally defined by the measurement technique. 

Organic aerosol was measured aboard Ronald H. Brown during TexAQS/GoMACCS 

using 4 different instruments: non-refractory particulate organic matter (NR-POM) was 

measured with a quadrupole Aerodyne mass spectrometer (Q-AMS), particulate organic 

carbon (OC) was measured with two Sunset Laboratory thermal combustion 

organic/elemental carbon analyzers (laboratory and on-line), and water soluble organic 

carbon (WSOC) was measured with a particle-into-liquid sampler (PILS) coupled to a 

Sievers total carbon analyzer.  A soluble, non-volatile ammonium sulfate/sucrose aerosol 
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was generated and fed into the sampling mast.  Sucrose concentrations measured by the 

four techniques (Figure 7) agreed to within 11% (Q-AMS corrected for collection 

efficiency based on PILS-IC sulfate measurements).   This was well within the 

uncertainties of the 4 techniques and demonstrated that the instrument inlets and 

calibrations were correct.   

 

The ambient Gulf of Mexico/Houston Area organic aerosol, however, contained non-

soluble and volatile components.  The filters downstream of the 1 and 10 µm impactors, 

sampling at 30 L m-1, had a filter face velocity of 52 cm sec-1 while the on-line OC 

analyzer, sampling at 8.9 L m-1, had a filter face velocity of 97 cm sec-1.  The filter 

temperatures in both sampling systems were similar.  A linear regression between 

samples from the on-line OC analyzer and the impactor/laboratory OC analyzer yielded 

an r2 of 0.91 and a slope of 0.64 with the on-line OC analyzer results consistently less 

than the impactor/laboratory OC analyzer.  As both sampling systems used identical 

denuders with flows of 30 L m-1, we conclude that the lower values obtained with the on-

line OC analyzer were due to a higher loss of semi-volatile organic carbon (SVOC) from 

the filter during sampling.  Similar losses have been documented by Eatough et al. 

[2003].  Attempts to quantify the SVOC downstream of the on-line OC analyzer filter 

were unsuccessful (carbon impregnated filter downstream of the particle filter).  This 

may be in part due to the very high concentrations of VOCs in this area [Jobson et al., 

2004].   If the denuders passed even 1% of the VOCs, the signal measured as SVOC 

downstream of the OC filter would be much greater than the particulate OC. 
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A linear regression between NR-POM and OC (impactor/laboratory OC analyzer) 

concentrations yielded an r2 of 0.93 and a slope of 2.6 (Figure 8).  This NR-POM/OC 

ratio is higher than typically observed in urban or rural areas [1.6 to 2.0, Turpin and Lim, 

2001] and indicates either a highly oxidized aerosol or a loss of SVOC during impactor 

sampling.  Samples with a high NR-POM/OC ratio did not necessarily have a high 

OOA/NR-POM ratio (Figure 8) and the OOA/NR-POM ratios reported here are very 

similar to that found in other areas of the Northern Hemisphere [Zhang et al., 2007].   

The highest NR-POM/OC ratios were found in the samples collected during northerly 

flow (Figure 9) when the ship was located in the Houston Ship Channel very close to 

industrial sources of organic gases.   The loss of OC from these samples during 

denuder/filter sample collection is consistent with gas-particle partitioning of secondary 

organic aerosol (SOA) and has been discussed previously by Eatough et al. [2003].  SOA 

forms from the condensation of semivolatile reaction products of gas phase precursors.  

This partitioning is a reversible process as has been shown in the formation and 

evaporation of SOA from α–pinene [Grieshop et al., 2007]. SOA can also form when 

semivolatile primary organic aerosol evaporates, oxidizes, and recondenses in the 

atmosphere [Robinson et al., 2007].  This partitioning and photochemical processing 

creates a regionally distributed organic aerosol as opposed to readily defined plumes from 

distinct sources.  This partitioning also leads to negative artifacts in traditional 

denuder/filter sampling.  We hypothesize that the high NR-POM/OC ratios observed in 

this study region are a result of reevaporation of the SVOC from the filter.   
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A NR-POM/OC ratio can also be estimated based on the AMS data alone [Aiken et al., 

2008].  Using the m/z of 44 as a surrogate for the oxygen content of POM and the m/z 44, 

POM, OC relationships described by Aiken et al. [2008], the NR-POM/OC ratio during 

TexAQS averaged 1.86 ± 0.17.  This ratio is typical of that found in urban and rural areas 

[Turpin and Lim, 2001]. 
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A linear regression between NR-POM and WSOC concentrations yielded an r2 of 0.76 

and a slope of 3.2 (Figure 10).   Correlations of OOA and HOA with WSOC yielded r2 

values of 0.67 and 0.15 and slopes of 2.6 and 0.47, respectively.  The NR-POM/WSOC 

slope of 3.2 is very similar to that reported for the Gulf of Maine (3.3) [deGouw et al., 

2007] and the OOA/WSOC slope of 2.6 is slightly less than that reported for Tokyo (3.2) 

[Kondo et al., 2007].  With a NR-POM/OC ratio of 1.6 to 2.0 [Turpin and Lim, 2001], 49 

- 62% of the NR-POM was water soluble.   This is within the range of values (48-77%) 

measured during the summer months in other areas [Zappoli et al., 1999; Decesari et al., 

2001; Sullivan et al., 2004; Jaffrezo et al., 2005] With an OOA/OC ratio of 2.2 [Zhang et 

al., 2005; Kondo et al., 2007], 85% of the OOA was water soluble during 

TexAQS/GoMACCS.    

 

The diurnal cycles of HOA and OOA concentrations provide insights into the processes 

controlling their concentrations in the boundary layer.  HOA concentrations have been 

shown to correlate with CO mixing ratios [Allan et al., 2003; Zhang et al., 2005] and 

other markers of automobile exhaust emissions.  Although this correlation was weak in 

the Galveston/Houston region (r2=0.19) presumably from industrial sources of HOA, 
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elevated concentrations (Figure 11) in the early morning hours corresponded with 

morning rush hour traffic.   HOA concentrations and CO mixing ratios then gradually 

decreased as the mixing height of the boundary layer increased. The mass size 

distribution of HOA had both Aitken and accumulation modes while OOA was largely 

confined to the accumulation mode (Figure 12).  These size distributions showed little 

variation in magnitude or shape during the day, except for the elevated HOA Aitken 

mode during the morning rush hour. The dominant HOA Aitken mode in the mass size 

distribution especially during southerly flow (Figure 12) suggests that the HOA is a result 

of primary emissions.  Conversely, the presence of OOA solely in the accumulation mode 

suggests a secondary aerosol formed from the condensation of semivolatile organic gases 

onto the existing aerosol surface area. The absence of an increase in OOA concentrations 

during the early morning hours under southerly flow is further evidence for a different 

source than that of HOA.  Although OOA concentrations and ozone mixing ratios both 

increased during the day as a result of photochemical oxidation, the timing of the 

increases did not coincide and thus they were only weakly correlated (r2=0.38).  The 

increases in OOA concentrations and ozone mixing ratios during the day were likely 

from both in-situ production and mixing from aloft as the mixing height of the boundary 

layer increased. OOA concentrations and ozone mixing ratios declined late in the day as 

photochemical production ceased and the boundary layer mixing height decreased 

(Figure 11) cutting off vertical mixing from above. 

 

3.2.2 Sulfate aerosol. 
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NR-NH4
+ + NR-SO4

= was the dominant submicrometer aerosol component in all three air 

mass categories.   Over the gulf 32 ± 21% of the total sulfur (SO2 + SO4
=) was in the 

form of SO2 while over land 64 ± 23% (southerly flow inland) and 55 ± 25% (northerly 

flow) of the total sulfur was in the form of SO2.   Large SO2 sources within the 

Houston/Galveston region include the Parish power plant (a coal-fired and natural gas-

fired electric generation facility with no SO2 gas scrubbers located in open farmland 

southwest of Houston), fossil fuel-fired electrical generation and process heat facilities 

along the Houston Ship Channel, and isolated large petrochemical complexes south of 

Houston [Brock et al., 2003].  The petrochemical industries located along the Houston 

Ship Cannel and the Parish power plant were shown to be the predominant source of 

particle volume (mass) downwind of the Houston metropolitan area in 2000 [Brock et al., 

2003].  Particle number concentrations peaked immediately downwind of the sources 

while particle volume concentrations increased with distance from the source as SO2 and 

other gases were oxidized to form aerosol mass [Brock et al., 2003].  In a similar fashion, 

under northerly flow conditions during TexAQS/GOMACCS, the large point sources of 

SO2 to the north of Houston and to the east and south of Dallas (e.g., Big Brown, Martin 

Lake and Monticello electrical stations) could easily account for the NR-SO4
= 

concentrations (7.4 ± 4.8 µg m-3) measured aboard the ship.  The transit times on the 

order of 1-2 days would permit a large fraction of the emitted SO2 to be converted to 

sulfate.  During southerly flow inland periods (Category 2), the SO2 to total sulfur ratio 

was high, reflecting the local SO2 sources.  The NR-SO4
= concentrations (3.2 ± 2.4 µg m-

3), however, were only slightly higher than that measured over the Gulf (2.5 ± 1.1 µg m-3) 

since the locally emitted SO2 was too freshly emitted to have formed appreciable sulfate.  
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The diurnal cycle of NR-SO4
= during the southerly flow inland periods was similar to that 

of OOA (Figure 11), decreasing during the night in the shallow stable boundary layer, 

increasing mid-morning as the convective mixing of the boundary layer increased and 

then reaching an initial peak as the mixing height began to decrease late afternoon.  

Unlike OOA, however, the NR-SO4
= concentrations increased late in the day.  We 

hypothesize that this is a result of advection of sulfate that was produced over the Gulf 

during the afternoon.   A similar increase is not seen in ozone or OOA since their 

precursors were not abundant in the onshore flow.   
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A key question, then, is what is the source of the elevated SO2 and sulfate concentrations 

over the Gulf of Mexico in the “background” air (Category 1) entering Texas?  Biogenic 

dimethyl sulfide concentrations in the surface seawater off the coast of Texas averaged 

2.4 ± 0.95 nM L-1, a value typical of this latitude during the summer [Bates et al., 1987].   

Using the wind speeds measured at the ship and the Nightingale [2000] wind 

speed/transfer velocity relationship, the flux of DMS to the atmosphere was 3.2 ± 2.6 µM 

m-2d.  Over the background marine atmosphere this flux supports an atmospheric sulfate 

concentration of 0.2-0.4 µg m-3 [Bates et al., 2001], far less than that measured over the 

Gulf of Mexico.  Another potential source of sulfate is the African continent as these air 

masses did contain high concentrations of dust.  However, sulfate concentrations 

measured with dust in the submicrometer aerosol outflow of Africa were only 5%-11% of 

the dust concentrations [Bates et al, 2001; Formenti et al., 2003], far less than that 

measured over the Gulf of Mexico.  CO mixing ratios in this air mass (81 ± 14 ppbv) also 

suggest an absence of forest fire or urban pollution.  A third potential source of sulfate is 
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volcanic emissions.  The FLEXPART back trajectories showed that some air masses 

sampled at the ship travelled through the Caribbean Sea and may have passed over the 

Soufriere Hills Volcano on Montserrat Island.  During July-September 2006 the average 

sulfur dioxide flux from the volcano was 200 metric tons per day (The Montserrat 

Volcano Observatory, 

727 

728 

729 

730 

http://www.mvo.ms/) at an elevation of 1.1 km.   While some of 

this SO2 may have been mixed down into the marine boundary layer most of it will be 

transported in the free troposphere.   There was no correlation of atmospheric sulfate 

concentrations measured at the ship with trajectories that had passed over Montserrat 

Island. 
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A fourth potential source of the sulfate over the Gulf of Mexico is from marine vessel 

emissions.  Emissions from marine vessels have gained increasing attention due to their 

significant local, regional, and global effects [Corbett et al., 2007].   The corridor from 

the entrance to the Gulf of Mexico to Louisiana/Texas is a major shipping lane serving 

the Port of South Louisiana (New Orleans) and the Port of Houston, two of the ten 

busiest ports in the world by cargo volume (Gulf of Mexico Program, US EPA, 

http://epa.gov/gmpo/index.html).   Recent ship emission inventories list the US Gulf 

Coast emissions at 100,000 metric tons of SO2 per year [Wang et al., 2008].   If this SO2 

is emitted into a 500m marine boundary layer over an area of 500,000 km2 (a 200 

nautical mile swath through the Gulf of Mexico to the Texas/Louisiana coast), with an 

atmospheric sulfur aerosol lifetime of one week, it would generate a concentration of 12 

µg m-3, more than 4 times the average concentration measured over the Gulf.  The 

resulting aerosol would be acidic (measured ammonium to sulfate molar ratio was 0.79 ± 
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0.42) since the only source of ammonium ion is the ammonia emitted from the ocean 

(Quinn et al., 1990).   Ship emissions also include high concentrations of nitrogen oxides 

(174,000 metric tons expressed as NO2 per year over the US Gulf Coast) [Wang et al., 

2007].  Over the ocean, nitrogen oxides and their reaction products are absorbed onto the 

existing aerosol surface area and are thus generally found in the supermicrometer aerosol 

associated with dust or sea salt [Bates et al., 2004].  The supermicrometer aerosol 

measured over the Gulf of Mexico was highly enriched in nitrate (15% of the total mass) 

and both the submicrometer and supermicrometer seasalt aerosols were depleted in 

chloride from the reaction with sulfuric and nitric acid vapors [Bates et al., 2004].   Ship 

emissions, therefore, appear to be the major source of sulfate and nitrate over the Gulf of 

Mexico during TexAQS/GoMACCS. 

 

4. Conclusions 

During most of August 2006, the boundary layer aerosol over the NW Gulf of Mexico 

advected into the region from the south and consisted of submicrometer (6.5 µg m-3) NR-

SO4
= and dust and supermicrometer (17.2 µg m-3) sea salt and dust.  Although this 

airmass had been over the Atlantic Ocean/Gulf of Mexico for 1-2 weeks, it was heavily 

impacted by continental (Saharan dust) and anthropogenic (ship) emissions.  As the air 

mass entered Southern Texas, local sources added an Aitken mode HOA rich aerosol.   

OOA and NR-SO4
= concentrations inland were lowest in the shallow, stable nocturnal 

boundary layer and increased during the day as the boundary layer mixing height 

increased, reflecting their secondary source.  HOA concentrations and CO mixing ratios 

followed the opposite pattern, reflecting their primary source.  Concentrations were 
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highest in the early morning when the source was strong (automobile traffic) and mixing 

was limited (shallow, stable boundary layer) and then decreased during the day as the 

boundary layer mixing height increased. 

 

During September 2006 the boundary layer aerosol over Southern Texas and the NW 

Gulf of Mexico advected into the region from the north and consisted of submicrometer 

(20.8 µg m-3) NR-SO4
= and NR-POM and supermicrometer (7.4 µg m-3) POM and dust.  

 

The integrated PM 2.5 mass at ambient RH includes the accumulation mode (primarily 

acidic sulfate and dust under southerly flow conditions and part of the coarse mode 

(primarily sea salt, dust, and the acidic nitrate and sulfate absorbed by these basic 

components).  The average PM 2.5 mass advecting into the Houston-Galveston area from 

the south during TexAQS 2006 was 20 ± 12 µg m-3.    Air quality forecast models need to 

include ship emissions and dust transport to correctly characterize aerosol loadings in SE 

Texas.  Compliance with PM 2.5 regulations in the Houston-Galveston area may require 

stricter controls on upwind aerosol sources (e.g. ship emissions). 
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Table 1. Mean aerosol mass concentrations in µg m-3 (± 1σ standard deviation) for the 

submicrometer, supermicrometer, and PM 2.5 size ranges in the three regions 

described in section 3.1.  Gravimetric denotes the gravimetrically analyzed mass; 

component is the sum of the mass analyzed for inorganic ions, POM, IOM, and EC; 

component plus water includes the water calculated to be associated with the inorganic 

ions at 60% RH; calculated denotes the mass estimated from the number size 

distribution and the density based on the measured chemical composition.   
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  Category 1 Category 2 Category 3 
  RH mean sd mean sd mean sd 
Submicrometer        
Component dry 6.8 5.0 10.2 5.4 21.2 11.4 
Component + water 60% 10.7 9.7 14.6 7.0 34.5 13.2 
Gravimetric 60% 10.0 9.2 13.5 6.5 27.5 8.8 
Calculated 60% 8.0 4.3 14.2 13.4 28.2 16.7 
         
Supermicrometer        
Component dry 17.2 21.5 16.8 12.7 7.4 8.1 
Component + water 60% 37.5 42.9 29.9 19.7 10.5 10.3 
Gravimetric 60% 34.7 40.0 28.3 19.5 10.5 11.3 
Calculated 60% 36.4 34.3 28.3 20.6 11.6 12.4 
         
PM 2.5 

1011 

1012 

1013 

1014 

        
Calculated  60% 17.3 11.0 21.6 15.2 31.4 17.1 
Calculated  ambient 20.2 12.0 27.8 23.1 34.7 20.4 

 

Table 2. Mean aerosol component mass concentrations in µg m-3 (± 1σ standard 

deviation) for the submicrometer and supermicrometer size ranges in the three regions 

described in section 3.1.     

  Category 1 Category 2 Category 3 
  mean sd mean sd mean Sd 
Submicrometer       
NH4

+ +SO4
= 3.0 1.3 4.2 2.9 9.8 6.2 

NO3
- 0.035 0.045 0.14 0.17 0.70 1.1 

Sea salt 0.13 0.13 0.11 0.067 0.088 0.091 
OOA 0.30 0.33 1.2 1.6 6.8 4.2 
HOA 0.080 0.13 .88 1.6 1.3 2.6 
EC 0.075 0.064 0.42 0.31 0.38 0.23 
IOM 3.5 5.6 3.1 3.8 1.3 2.0 
        
Supermicrometer 

1015 

      
NH4

+ +SO4
= 0.82 0.82 0.66 0.36 0.62 0.52 

NO3
- 1.4 1.0 1.8 1.0 0.72 0.90 

Sea salt 5.4 5.4 3.6 2.1 0.56 0.78 
POM 0.64 0.97 1.4 1.6 2.3 1.8 
IOM 9.0 14 9.3 10 3.2 6.3 
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1024 

1025 
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1027 

Figures: 

1. R/V Ronald H. Brown cruise track during TexAQS-GoMACCS.  The ship 
departed Charleston, South Carolina on 27 July 2006, arriving initially in 
Galveston, Texas on 2 August 2006.  The cruise track included passages into Port 
Arthur/Beaumont, Matagorda Bay, Freeport Harbor, Galveston Bay to Barbour’s 
cut (15 transits), and the Houston Ship Channel (4 transits).  The cruise ended in 
Galveston, Texas on 11 September 2006.   
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1028 
1029 
1030 
1031 

1032 

2. Flexpart footprint emission sensitivity showing transport to the Gulf of Mexico 
from Africa.  The air mass sampled at the ship on August 1, 2006 had surface 
contact over the African continent 2 weeks prior.  The superimposed numbers are 
the air mass centroid positions in daily intervals, for the last 10 days. 
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1044 

3. Submicrometer aerosol composition for (a) air masses sampled over the Gulf of 
Mexico during southerly flow (low radon concentrations), (b) air masses sampled 
within Texas (ports and harbors) during southerly flow (low radon 
concentrations), and (c) air masses sampled during northerly flow (high radon 
concentrations).  The percentages are calculated as the average of the mass 
fractions for each sample.  Consequently, the percentages are not equivalent to the 
mass fractions that could be calculated from the average concentrations (Table 2). 
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4. Supermicrometer aerosol composition during conditions defined in Figure 3. 
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5. Aerosol mass size distributions during conditions defined in Figure 3 at the 
sampling RH (60%) and adjusted to ambient RH. 
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6. Mass closure between component mass (components shown in Figures 3 and 4 
plus associated water at 60% RH), gravimetric mass, and number size distribution 
derived mass.  The points are colored by air mass categories (section 3.1.1) where 
blue = category 1, red = category 2, and green = category 3.  
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7. Mass closure between the 4 techniques used to measure organic aerosol.  The 
comparisons were conducted using a soluble, non-volatile ammonium 
sulfate/sucrose aerosol.  The error bars indicate the uncertainty calculated for each 
technique (see section 2.) 
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8. Correlation between NR POM (AMS) and non-volatile organic carbon (impactor 
sampling/Sunset Laboratory thermal/optical carbon analyzer) concentrations.  The 
data are colored by their OOA/POM ratio. 
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9. Correlation between NR POM (AMS) and non-volatile organic carbon (impactor 
sampling/Sunset Laboratory thermal/optical carbon analyzer) concentrations.  
Data are separated into the conditions defined in Figure 3. 
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1070 10. Correlation between and NR POM and WSOC.   
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11. Diurnal cycles of OOA, HOA, CO, O3, SO4, and mixing height during periods of 
southerly-inland flow.  Solar radiation is shown in yellow. 
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12. Mass size distributions of the dominant NR aerosol components measured by the 
Q-AMS.   
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