The achievements of the project are divided into four areas: 

1) Optical properties of secondary organic aerosols (papers [1], [6], [10] and [12]); 

2) Development and of a polar nephelometer to measure aerosol optical properties and theoretical approaches to several optical analysis problems (papers [1], [3], [5] and [8]), 

3) Studies on the accuracy of measurements of absorbing carbon by several methods (papers [2], [7] and [11]), and 

4) Environmental impacts of biodiesel (papers [2], [4], [9] and [11]).
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Brief summary of project achievements
1) Optical properties of secondary organic aerosols (papers [6], [10] and [12]); 

Prior to our studies, only one or two measurements of SOA refractive index were available in the literature, and these were single point measurements with large error bars. Currently the standard assumption for SOA refractive index in climate models (if any) is a single value, usually about 1.5. Our recent work shows clearly that a single value is inadequate, as the refractive index varies from ~1.36 – 1.62 depending on a number of factors. Because the refractive index controls the ratio of forward to backward scattering by aerosols (the asymmetry parameter), it plays a major role in determining the aerosol direct effect. A change of the refractive index by 0.2, somewhat smaller than the range we observe, implies a difference in the calculated direct effect of 25 – 35+ %. Although more work should be done to successfully parameterize this value for climate modelers, we have made significant progress in understanding the underlying factors controlling the refractive index. 
Summaries of the papers are as follows:

After laying substantial groundwork in paper [1], paper [6] presents the results of our first study primarily aimed at trying to determine how variable (if at all) refractive indices are for SOA. They turn out to be surprisingly variable.
The results: Real refractive indices (mr) of secondary organic aerosol (SOA) generated by oxidizing (-pinene, (-pinene and toluene with ozone and NOx/sunlight were probed. The retrieved mr for the SOA studied indicates this property depends primarily on the parent hydrocarbon. Within the resolution of our method and bounds of our experimental conditions, mr is independent of initial precursor hydrocarbon (HC) concentration, addition of an OH scavenger to ozonolysis, or changes in the HC/NOx ratio in photochemical oxidation. However the refractive index changes as particles grow, and is slightly higher for pinene SOA produced photochemically vs. from ozonolysis. For (- and (-pinene SOA the refractive index  increases from 1.38 to 1.45 for 200 nm particles to 1.47 to 1.52 for 350 - 420 nm particles. Several of the types of SOA exhibited a slight decrease in refractive index as the particles grew larger than 380 - 430 nm, possibly due to aging. Toluene SOA had a markedly different pattern of mrs compared to pinene SOA, falling between 1.4 and 1.5 between 200 and 300 nm, and then increasing to mr = 1.6 at 400 nm. 

Once we had determined that SOA refractiveindices are complex and poorly represented by a single value, we set out to understand what controls SOA refractive index. 
Paper [10] probes some of the underlying causes of variability in SOA refractive indices. It also provides several additional insights into nucleation and growth properties of existing aerosols. It takes advantage of our second generation polar nephelometer to investigate aerosols at mass concentrations that are in the range observed in the atmosphere, and is the first study of optical properties to do so. The lower mass concentrations of these experiments were made possible primarily with the installation of a more powerful laser in the polar nephelomter. The results are as follows:
We investigate the real refractive indices (mr) of secondary organic aerosols (SOA) generated from the photooxidation of limonene and α-pinene with different HC/NOx ratios. The limonene SOA data suggests the most important factor controlling the refractive index is the HC/NOx ratio; the refractive index is much less sensitive to the aerosol age or mass concentration. The refractive index ranges from about 1.34 to 1.56 for limonene and from 1.36 to 1.52 for α-pinene, and generally decreases as the HC/NOx ratio increases. Especially for limonene, particle diameter is also inversely related to the HC/NOx ratio; the final size mode increases from 220 – 330 nm as the HC/NOx ratio decreases from 33 – 6.   In an effort to explore the ability of models from the literature to explain the observed refractive indices, a recent limonene oxidation mechanism was combined with SOA partitioning and a structure-property relationship for estimating refractive indices of condensing species. The resulting refractive indices fell in a much narrower range (1.475 ± 0.02) of mrs than observed experimentally. We hypothesize the experimentally observed high mr values are due to oligomerization and the low values to water uptake, small soluble molecules such as glyoxal and other factors, each of which is not included in the oxidation mechanism. Aerosol formation yields were measured over a mass concentration range from 6 to ~150 µg/m3, over which they increased steadily, and were higher for high HC/NOx ratio experiments.

Paper [12] Progress has been made recently by several researchers toward developing a methodology to generate SOA in chambers with characteristics, such as volatility and degree of oligomerization, that are similar to atmospheric aerosols. At the heart of the method is a device known as a thermodenuder. The device removes semi-volatiles present on the particles that would not be there in the lower mass concentration environments more typical of the atmosphere. While one might think simply performing chamber experiments at lower initial hydrocarbon concentration might take care of this problem, it does not, as in this case species that would normally form aerosols are lost to the chamber walls. The solution is to generate the particles at somewhat higher concentrations, and then thermodenude them. Here we carry out this procedure and then measure the optical properties of the particles. The results are as follows: 

The volatility of SOA was investigated by evaporating organics from the particles using a thermodenuder (TD) at different temperatures (63 - 98 ºC) are influenced by the parent hydrocarbon, oxidation chemistry and relative humidity (RH). For ozonolysis, limonene has lower volatility than α-pinene with no influence by OH scavenger. For photooxidation, toluene show the lowest volatility, α-pinene and limonene has similarly higher volatility than toluene SOA but α-pinene has slightly higher volatility than limonene. For both α-pinene and limonene, the concentration of NOx has no effect on volatility within the range of measurements. Retrieved refractive indices for the SOA before thermodenuded varied between 1.35 and 1.61 depending on several factors; parent hydrocarbon, oxidation chemistry, temperature and possibly in-particle aging. The behavior of SOA mrs upon heating is different depending on oxidation chemistry. Generally, as SOA are heated, particle diameters decrease and mrs of the reduced particles return to approximately the values observed for the same size SOA before heating. However, for some cases, mrs does not follow this way; 1) for (- pinene SOA from ozonolysis with OH radical scavenger, after heating, mrs increase from 1.48-1.5 (before heating) to 1.49-1.55 (after heating) at 300-380 nm range of particles. 2) For photochemically generated SOA with (- pinene and limonene under low NOx, after heating, mrs slightly decrease; for (- pinene, from 1.5-1.52 to 1.42-1.45 for 300 nm and from 1.45-1.43 to 1.39-1.41 for 200nm and for limonene, 1.48-1.52 (before heating) to 1.38-1.48 (after heating) 240-270 nm. For toluene SOA, neither the refractive index nor the particle size are affected by heating. The results reinforce the strong link between volatility and refractive index for SOA.
2) Development and of a polar nephelometer to measure aerosol optical properties and theoretical approaches to analysis of the data (papers [1], [3], [5] and [8]), 

A reliable 2nd generation polar nephelometer has been successfully developed. This instrument uses a 1 W 532 nm laser, which allows retirevl of the refractive index at aerosol loading  in the 5 – 20 ug/m3 range. It has the highest time combined resolution/low detection limit combination of instruments measuring scattering today. Its resolution allows examination of aerosol systems at concentrations that are relevant to the atmosphere and at a time resolutions (several measurements/minute) that allows examination of the evolution of aerosols generated in chambers. The development of the instrument and its theoretical and experimental verification, as well as a related instrument to measure absorption are described as follows.
 [Paper 8]
Polar nephelometers measure light scattered from single particles or small volumes of particles in which single scattering can be assumed.  This data is used to verify the many algorithms that provide scattering expectations based on the optical and physical properties of the particles, to infer optical properties from these particles and to examine help infer unknown microphysical and chemical properties of particles.  The instruments in this report cover measurements that are relevant to atmospheric particles (from aerosols to ice crystals), i.e., those with sizes up to a maximum of 1 mm. This report provides a summary of over 25 separate instruments that cover the visible to near infrared wavelengths.  A detailed description of the UCLA polar nephelometer including the error analysis, the calibration method and some preliminary measurements of strongly absorbing nigrosin aerosol is presented.    

[Paper 5] Size distributions of real-world aerosols typically deviate substantially from log-normal or other simple mathematical descriptions. The effect of assuming a lognormal shape for distributions that are not well described by this function on the genetic algorithm (GA) retrieval of the real refractive index (mr) from scattering properties is investigated.  Tests using several laboratory-generated ammonium sulfate aerosols with relatively broad bimodal distributions and with synthetic distributions generated by combining two log-normal distributions are examined.  Scattering of the ammonium sulfate aerosols was measured with a dual polarization polar nephelometer.  Analysis of the GA retrieval with the assumption that the distribution is lognormal for both the ammonium sulfate aerosol and synthetic distorted distributions show that the retrieved mr is within 0.015 of the expected value in all cases tested.  The retrieved values for both the mean and the standard deviation of the aerosol size distribution become more inaccurate as the level of distortion increases.  In our experiments, the GA determined mean aerosol diameter is always larger than the measured mean because in all of the distorted distributions there are significantly more large particles than the lognormal assumption.  The intensity of particle scattering is generally a function of the square of the particle diameter hence as the distortion increases, the larger particles contribute more to the overall scattering on which the GA retrieval is based.  We show that assuming a distribution is lognormal could potentially introduce errors in calculating radiative forcing by at least 12%.  The total scattering coefficient measured by integrating nephelometers can be off by a factor of 2 for distortion levels similar to those seen in some of our experiments.
[Paper 3] Photons are traced through a simplified White type cell to determine the adjustment to compensate for erroneously detected forward-scattered light in measuring aerosol optical depth.  Verification is performed by a comparing of the optical depth determined by measuring extinction with and that calculated from the measured concentration of mono-disburse polystyrene latex spheres (PSL).  As the adjustments derived for representative urban and marine aerosols are similar to or larger than those required for the PSL spheres, forward scattered light needs to be considered for real world conditions with our instrument.  Although the described adjustment is specific to this instrument, it is shown that it may be significant for other detection geometries.

The above work builds on our first paper, a “proof of concept” for the polar nephelometer and the approach to data inversion, [paper 1].
3) Studies on the accuracy of measurements of absorbing carbon by several methods (papers [2], [7] and [11]). 

The majority of measurements quantifying black/elemental carbon and organic carbon content in aerosols, both the atmosphere and emissions sources, are made with thermo-optical evolved gas analysis. The methods are well known to have short comings; field intercomparisons have repeatedly shown that the results are widely variable, apparently depending on the sample composition, especially metals, and the specific temperature protocol used in the analysis, but the factors are not well understood. The lack of an accepted standard for EC compounds the problem. Here, we systematically examine several issues, focusing on metals and soruces of errors for high EC samples. We also perform an analysis of differences between the two most widely used temperature protocols, and between TOEGA and the measurement of BC via optical absorption obtained with an aethalometer. One of the temperature protocols has recently been widely implemented in Europe, and our study is the first independent assessment of that method. 
[Paper 7] Our metal-TOEGA study [Wang et al., 2010] systematically quantifies the effects of metals (Cu, Fe, K, Mg, Na, Zn and Mn) on OC/EC analysis by TOEGA for several carbonaceous aerosols, including diesel and biodiesel particles, secondary organic aerosol (SOA), and mixed SOA/diesel particles. The results of this study are provided in somewhat more detail in the “deliverables” section, and they are summarized as follows. At metal:carbon ratios common in ambient aerosols, metals lower the reported EC/OC ratios of high EC samples substantially, form 0-80 percent. Transition metals have highest activity. Metals have much smaller effects on samples with high organic carbon and low elemental carbon content. Overall, the presence of metals likely results in under-reporting of EC by a moderate amount for typical ambient samples, and larger amounts for high EC samples and source emissions containing both high EC and some metal content.
[Paper 11] Three separate TOT-EGA temperature protocols were used to explore the effect of temperature and rate of heating on measurements: the National Institutes of Occupational Safety and Health (NIOSH) protocol, the European Supersites for Atmospheric Aerosol Research (EUSAAR) protocol and an additional protocol from the literature (Conny et al., 2003). The latter two protocols, respectively, minimize and maximize char formation in attempts to improve accuracy of EGA. 406 samples of secondary organic aerosols, diesel exhaust, and biodiesel exhaust were collected and analyzed by at least two methods or temperature protocols. EC to OC ratios were on average 47% and 8% higher for the EUSAAR and Conny protocols compared to the NIOSH protocol, respectively. Analysis of pyrolized carbon suggests the Conny and NIOSH protocols may misclassify native EC as OC by causing it to evolve in the helium phase. The difference between the EUSAAR and NIOSH protocols was more pronounced for samples with metals or more native OC (between 79 and 103% higher EC to OC ratios for EUSAAR compared to NIOSH) than for samples without metals or with less OC (between 12% lower and 50% higher). Both metals and native OC can encourage evolution of native EC in the inert atmosphere, the region for which evolved carbon is always classified as OC. “Best-fit” values for specific attenuation based on TOT-EGA measured EC were 23.6 ± 0.4 cm2 μg-1, for NIOSH-measured EC, and 19.4 ± 0.4 cm2 μg-1, for EUSAAR-measured EC. The errors inherent in evolved gas analysis are sample dependent, and are not mitigated by adjusting the temperature protocol with the approaches developed to date. However, no method was significantly or consistently more or less precise than another.  Taken together, the results reiterate the need for development of alternative, higher performance low cost methods for quantifying EC and OC.
4) Environmental impacts of biodiesel (papers [2], [4], [9] and [11]).

Biodiesel is a rapidly growing segment of the alternative fuel market. It generally has lower CO2 impacts and PM mass emissions than conventional diesel, however the climate specific parameters of the emissions, which are the focus of our investigation, have rarely been measured. Here, we characterize the climate impacts of biodiesel combustion and how it varies depending on feedstock. Exhaust was sampled from a diesel generator at idle and full load running on conventional diesel or one of three neat biodiesels manufactured from soybean, canola, and yellow grease feedstocks.  Emission rates were determined for nitrogen oxides (NO and NO2), PM and elemental, organic and black carbon mass. Additionally, particle size distributions were characterized. Largely consistent with a growing body of data on emissions from biodiesel, we find that by most metrics biodiesel emissions are cleaner than conventional diesel emissions. The two primary-oil fuels were generally much cleaner, producing approximately 60, 75, and 60% less PM, EC, and OC  at engine idle and 30, 40, and 35% less at load. NOX was decreased by more than 30% at engine load and increased by only 5% at engine idle. Yellow grease emissions are lower in some respects and engine idle, emitting approximately 43, 35, and 50% less PM, EC and OC; however, at engine load, most emissions were increased compared to diesel, resulting in approximately 35, 30, and 30% more PM, EC, and OC. NOX emissions were increased by approximately 5% at idle and 10% at load. For all three biodiesel fuels, also notable, is that they result in less NO2 relative to NOX, which may overshadow the negative impact of somewhat higher NOX emissions observed under some conditions, for a net reduction of the contribution of biodiesel to urban ozone formation. While biodiesel is by no means a panacea, widespread implementation would bring improvements to some metrics of air quality. Importantly reducing both PM emission and the EC content of those particles, primary-oil biodiesels would reduce anthropogenic climate forcing.

Aspects of biodiesel emissions are also discussed in paperps 2, 4 and 11 discussed above.
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