
Final Author Comments on “Aerosol optical hygroscopicity measurements during the 2010 
CARES Campaign” by D. B. Atkinson et al. 

We thank all of the reviewers for their thoughtful comments, which have helped to improve the 
paper. Reviewer comments are shown in black text and our response in blue. 

Comment from A. Jefferson anne.jefferson@noaa.gov  

Nice paper, but seems to lack some essential information. The uncertainty calculations are only 
for kappa values. What about the estimated uncertainty of the nephelometer growth factor, 
particularly a log fit involving 4 different parameters using only 3 data points? What was the 
spread or range of values and standard deviation? Do you get different gamma values if you use 
only the medium and high RH values in the nephelometer? 

The uncertainty in the derived kappa (and growth factor, GF) values is related to the uncertainty 
in the measured f(RH) and gamma values. Dr. Jefferson raises the question of what the intrinsic 
uncertainty is in the gamma. Gamma can be determined from a calculation using only two points 
(as indicated by Eqn. 1 in the manuscript) or from fitting a line to a graph of ln(bext) versus 
ln[(100-RHlow)/(100-RHhigh)]. For this study, we calculated the gamma values using the two-
point approach and used the highest RH and low RH measurements in the calculations as stated 
in Section 3.2.3. In general, the two methods agree very well. At T0, there is only one period 
where the two differ substantially, but this followed a brief period where problems were found 
with the mid-RH channel measurements due to insulation that had been accidentally removed 
allowing a cold spot to develop that had caused condensation. Outside of this period, the 2-pt 
method gave gamma values that were within 5% of the 3-pt fit value. Similarly, at T1 (where the 
nephelometer was located) the 2-pt and 3-pt fit methods gave very similar results. For the key 
measurement period (June 21-27) the two methods give nearly identical results, with the average 
of the ratio between the 2-pt and 3-pt fit method equal to 0.97 +/- 0.016 (1 sigma standard 
deviation). Thus, we see that there is a very minor difference between the two methods that 
would not have any substantial influence on our conclusions.  

What averaging time was used for the measurements?  

The averaging time was 10 minutes, as stated in Sections 3.2.1 and 3.2.2.  

Were truncation corrections applied to the nephelometer measurements?  

Truncation corrections were not applied. But the truncation correction for the Aurora 
nephelometers used here amounts to only ~4% and has an even smaller influence on the fRH and 
gamma measurements due to cancellation of errors. Further discussion is provided below in 
response to Reviewer 1. 

Can you explicitly state the measured RH of the low, medium and high RH values inside the 
nephelometers?  

A time series of the high RH values is shown in Fig. S4. For T1 (nephelometer) the high RH 
average was 72% +/- 9%, with the standard deviation having to do with diurnal fluctuations 
associated with challenges in temperature control of the trailer.  The average value of the low RH 



for the nephelometers over the key measurement period (June 21-27) was 29% +/- 4%. This 
information has been added to the revised manuscript. 

Were the RH sensors calibrated against a higher quality sensor?  

The nephelometer’s internal RH and Temperature sensors (a standard design manufactured by 
Vaisala, Inc.) were used during CARES and their performance was verified pre-campaign by 
comparison with an external sensor (EE08 by E + E Elektronik Ges.m.b.H). 

Was the lowest RH within a predicted metastable range of the aerosol, i.e. above the 
efflourescence point of NaCl?  

The efflorescence RH of NaCl is ~43%. The low RH was below this value.  

 

Anonymous Referee #1  

General comments  

The paper by Atkinson et al. titled "Aerosol Optical Hygroscopicity Measurements during the 
2010 CARES Campaign" presents results from the 2010 CARES study around Sacramento, CA. 
The paper address a well-know topic, i.e., the optical direct effect of aerosol particles through 
scattering and absorption of solar radiation, and how these optical effects change with other 
factors such as particle composition. Specifically, the paper presents measurements of the effect 
of water uptake on particulate light extinction or scattering made at two different locations 
during CARES. The water uptake is characterized through the dimensionless optical 
hygroscopicity parameter gamma. The author perform calculations allowing an estimate of the 
particle growth factor (GF) at 85% relative humidity and the dimensionless hygroscopicity 
parameter kappa for oxygenated organic aerosol (OA) and for supermicron particles. The derived 
range of oxygenated OA values are in line with previous observations. The authors explain the 
relatively large kappa values obtained for supermicron particles with the contributions of sea 
salt-containing particles. To date, there is still significant uncertainty associated with the climate 
forcing by ambient aerosol particles, and current climate models have to be improved in order to 
be more accurate at reproducing and predicting the global mean temperature. Therefore, 
scientific work that pertains to the optical properties of ambient aerosols, and their connections 
to hygroscopic and chemical properties, is very much needed. The authors make use well of 
tested measurement techniques and modeling, and present results that are in line with previous 
publication. Albeit not particularly ground-breaking in its content and in the techniques adopted, 
I consider this to be a valuable paper that presents results from an important air quality field 
study and it is definitely appropriate for publication on ACP. Notably, the authors attempt to 
determine the hygroscopicity of the supermicron aerosol fraction, which represents a somewhat 
original aspect of the paper. The paper makes a large use of modeling and this comes with some 
inherent assumptions that unfortunately cannot be avoided. However, the authors do a good job 
at addressing the uncertainties and use cross sensitivity analysis is useful to determine the 
relative contribution of sub- and supermicron particles to the total extinction or scattering. The 
manuscript is well written and clear in all the various sections. The introduction puts the work 



into context of previous literature and the references are adequate and up to date. The 
experimental part is accurately described and the authors provide extensive detail on the 
instruments used to characterized the aerosol properties, and provide accurate information 
regarding the measurement techniques and modeling / calculations performed. The amount of 
material (text and figures) provided for the discussion is sufficient and clear. Regarding the 
concerns raised by Dr. Anne Jefferson in a separate statement (uncertainty for the nephelometer 
measurements and the derived growth factor as well as the truncation correction of the 
nephelometer itself), I agree that the authors should provide an estimate of the uncertainty of the 
derived gamma values in the final version of the paper. I recommend that the response that they 
already provided should be somehow incorporated in the paper, including the clarifications on 
the truncation correction to the scattering data, in order to make the paper stronger and clearer. 
Overall, I have a few comments and questions (see specific comments below), but I believe that 
the paper can be published basically as it is. I have only one question and one correction.  

We thank Referee #1 for the nice comment on the clarity of our presentation. We have 
incorporated some of the response to Dr. Jefferson in the final draft of the paper.  

Abstract, Line 9, and later in the paper: the size cut of the "supermicron" particles should be 
specified, as it is stated in the conclusion (defined here as particles with 1 µm< dp,a < 2.5 µm). 
Also, because the AMS nominally measures in the submicron range, does it mean that the 
authors combine submicron chemical data and supermicron optical data to determine the kappa 
for OA ? Do the authors use the SPLAT data for the kappa of supermicron particles ?  

We will insert the definition of supermicron in the Abstract. To clarify: supermicron optical 
properties were not specifically measured, but the total scattering/extinction by the 
sub+supermicron particles. It is in our analysis that the contributions from the two modes are 
assessed and separated. Ultimately, the determination of the kappa for (submicron) OA was not 
very sensitive to the variations in the supermicron fraction of scattering/extinction, likely 
because the other components were highly hygroscopic. As noted in the manuscript, the 
composition of the supermicron fraction was treated separately (and assumed constant for the 
modeling, except for the highlighted period where the PALMS data was used). We decided not 
to use the SPLAT II data to quantitatively constrain the time-dependent variations in 
supermicron composition because the complementary data was not generally available at T1for 
the time period of interest. We do note that organics are minority species in the particles larger 
than 1 micron vacuum aerodynamic diameter according to the SPLAT II and limited PALMS 
measurements.  

Introduction, Page 31207, Line 11: correct spelling of the word hygrocopicity 

We have corrected the mis-spelling of the word hygroscopicity. 

 

Anonymous Referee #2  

The paper by Atkinson et al. titled “Aerosol optical hygroscopicity measurements during the 
2010 CARES Campaign” presents results on the influence of water uptake on the aerosol optical 



properties. The aim of study was to investigate the hygroscopic properties of oxygenated organic 
aerosol (OOA) and supermicron particles, based on observations made at two ground sites during 
the 2010 CARES field campaign. Optical closure calculations were performed between 
measurements of particle chemical composition, size distribution and optical properties at 
different relative humidity. The results showed that OOA is moderately hygroscopic and the 
retrieved hygroscopicity parameter κOOA is consistent with previous studies. Supermicron 
particles were found to be highly hygroscopic, which is consistent with substantial contributions 
of sea salt-containing particles in this size range. Analysis of the dependence of κsuper on 
chemical composition indicated correspondence between the chloride fraction on sea salt 
particles and κsuper. The authors attribute the variability of κsuper to atmospheric processing 
involving chloride displacement by nitrate and the accumulation of secondary organics on 
supermicron particles. The paper is somewhat original in addressing hygroscopicity of ambient 
particles from optical measurements. In particular, there are still lots of open questions in the 
hygroscopicity of ambient supermicron particles and the manuscript presents important results in 
this field. The experimental part is accurately described and provide extensive detail on the 
limitation of each instruments. The authors discuss also the limitation of the data treatment and 
provide information on the effect of the particles mixing state on the results. The manuscript is in 
the scope of ACP and is certainly suitable for publication in this journal. However, I have a few 
comments and questions that should be considered before publication.  

General comments:  

Optical closure was performed by using measured particle size distribution from SMPS and APS. 
Size distributions were measured up to 20 µm using the APS. The authors imputed directly the 
measured size distributions in Mie computation and therefore did not take into account particles 
larger than 2 µm (Figure S1 clearly shows missing particles larger than 2 µm). In contrast, 
scattering coefficients which are used for optical closure represent the overall size distribution. I 
recommend that size distributions obtained with the SMPS and APS to be fitted with log-normal 
size distributions in order to take into account the missing coarse mode particles.  

The reviewer is correct that the optical closure was determined by comparing calculations that 
used the SMPS and APS size distributions as inputs, and also that the APS measured up to 20 
um. However, due to differences in particle transmission (and in the case of the CRD instrument 
the use of a cyclone) scattering by particles > ~2.5-3 um aerodynamic diameter, or ~ 1.5 microns 
mobility diameter, was not measured here. Thus, the appropriate size distribution for use when 
performing the optical closure is the truncated distribution presented. 

The reviewer is correct that the optical closure was determined by comparing calculations that 
used the SMPS and APS size distributions as inputs, and also that the APS measured up to 20 
um. However, due to differences in particle transmission (and in the case of the CRD instrument 
the use of a cyclone) scattering by particles > ~2.5-3 um aerodynamic diameter, or ~ 1.5 microns 
mobility diameter, was not measured here. Thus, the appropriate size distribution for use when 
performing the optical closure is the truncated distribution presented in the manuscript, and log 
normal fitting is not required.  

 



As underlined by Dr. A. Jefferson in her comments, truncation corrections of the nephelometer 
measurements should be performed. The authors answered that this correction cannot be done 
due to missing measurements of Angstrom coefficient. However, the correction can be 
performed by Mie-calculations using the retrieved size distributions, bulk real refractive index, 
the limited angular range and the intensity function of the nephelometer. I recommend that the 
authors incorporate this correction in the manuscript (Müller et al., 2009). 

We have calculated Angstrom exponents from the observed campaign-average size distributions 
for the measured dry particles and for “wet” particles where it was assumed that fRH = 2 (a 
typically observed value during this study) and that all particles are equally hygroscopic. We 
calculate values of 0.995 and 1.032 for dry and wet particles, respectively, using the wavelength 
pairs 450 nm and 700 nm, which are the same wavelength pairs used in Müller et al., (2009). We 
had used an Ecotech Aurora nephelometer. The Müller et al. study indicates that the Ecotech 
neph has the smallest truncation error out of the three types tested (Ecotech, Radiance Research, 
TSI); the Ecotech correction factor estimated from their Fig. 3 given the calculated Angstrom 
exponents is 1.04, corresponding to a 4% correction that would increase the observed scattering. 
However, since the calculated Angstrom exponent values are very similar and since the variation 
of the correction factor with the Angstrom exponent is relatively slow, the correction factor will 
be almost identical for the dry and wet particle distributions. No equation is given to allow us to 
calculate explicitly the correction factors at our calculated Angstrom exponents, but we estimate 
the ratio (using a data extraction program) between the correction factor for dry and wet particles 
to be 1.0033, corresponding to an 0.3% change in the f(RH). Such negligible differences will 
have negligible consequences for our observations or conclusions. We have added a condensed 
version of this discussion to the main text in section 3.2.2. 

Nephelometer measurements can suffer from heating induced by the lamp within the cell of the 
instrument. This heating can be critical for your measurements since it can cause a reduction of 
the sample RH and thus an underestimation of f(RH) (Kus et al., 2004). Did the authors use the 
RH at the entrance of the nephelometer or within the cell for γ calculations ? If they used the RH 
at the entrance of the nephelometer, a correction for the sample RH must be applied or they 
should indicate at least the errors on RH, γ and κ induced by the heating.  

Again the Referee makes a salient observation about many nephelometer measurements that are 
used to investigate the dependence of scattering on RH, but the instrument that was used in the 
construction of the humidigraph uses a new type of source that is based on LEDs (which have 
much better light to total power ratios than incandescent sources that were used in the past) that 
is purported (by Aurora) to cause much less heating of the sample flow. More importantly, the 
RH and T measurements were made in the scattering zone of the nephelometer and agreed with 
the comparison measurements made outside of the nephelometer, these manufacturer's claims 
seem to have been borne out.  

 

The authors assumed a single density value to convert aerodynamic size distributions to 
equivalent size distributions. Size distributions in Figure 1 C and F does not always seem to fit 



well together. Did you check the overlapping of SMPS and APS size distributions throughout the 
campaign? The authors could show an example of overlapping of SMPS and APS size 
distribution (in Figure S1 for example) and estimate the error on the calculated parameters (γ and 
κ) due to the assumption of a single density value throughout the campaign.  

The measured average SMPS distribution and (density-adjusted) APS distributions from T0 are 
shown in the figure below. We have assumed a density of either 2, 1.75 or 1.5 g cm-3; smaller 
values do not seem likely for supermicron particles. At least from this average picture, it is clear 
that the rho = 2 g cm-3 provides for much better overlap with the SMPS distribution compared to 
the rho = 1.5 g cm-3 assumption. The rho = 1.75 g cm-3 also provides for reasonable overlap, 
although the rho = 2.0 g cm-3 case does a bit better. (The rapid fall off in the SMPS at large sizes 
and in the APS at small sizes are simply instrumental artifacts due to undercounting of particles 
at the limits of the ranges.) The figure shows results for the campaign average; doing a similar 
comparison on a point-by-point basis is more challenging because of increased noise associated 
with the individual scans. We had done this comparison early on in our analysis and decided that 
the rho = 2 g cm-3 case gave the best overall overlap, and also was consistent with the particle 
composition measurements from the single particle instruments. Use of a smaller density would 
have led to a larger calculated extinction/scattering, ~8% and 20% larger for rho = 1.75 and 1.5 g 
cm-3, respectively. However, this increase would have occurred for both the dry and wet 
particles, and consequently has minimal impacts on the calculated fRH and, thus, the derived 
kappa values. Using the average size distributions, we estimate the influence here by calculating 
a bulk average growth factor given fRH = 2, for simplicity treating all particles identically. We 
find that the GF increases as density decreases, but only by a small amount, changing from 1.335 
to 1.345 to 1.355. These values correspond to kappa values of 0.246, 0.256 and 0.265 (assuming 
RH = 85% and a dry particle diameter of 1000 nm, using the Equations of Petters and 
Kreidenweis). Thus, the assumption of constant density might be contributing to a slight 
underestimate in the kappa values during certain time periods, but this underestimate will be 
overall quite small and within the stated uncertainties already reported. As suggested by the 
reviewer, we have updated Fig. S1 to show the overlap between the two instruments when the 
density = 2 g cm-3 (see below). We have also added the following text to the manuscript: 

“The merged size distributions were ultimately used as input to the Mie theory 
calculations (see next section), and thus the assumption regarding the particle density will 
have some influence on the calculated scattering. It is unlikely that the particle density is 
much larger than 2 g cm-3 Had smaller values been assumed, the shift in dp,a to dp,m would 
have been smaller and, consequently, the calculated scattering would be increased. Had a 
density of 1.75 or 1.5 g cm-3 been assumed, the calculated scattering would have increased 
on average by ~8% or 21%, respectively. This is important to keep in mind in the context 
of the dry particle optical closure presented below. However, a density of 2 g cm-3 gave 
the best overlap with the SMPS distribution, on average, and thus was chosen here; the 
average SMPS and APS mobility size distributions are shown for the T0 site in Fig. S1 
for reference. Additionally, since the hygroscopicity measurements result from a ratio of 
extinction or scattering values, these effects largely cancel out and lead to only minor 
changes in the derived hygroscopicity parameters.” 



 

Example Figure. 

 

Updated Figure S1. The average supermicron mobility size distribution from the APS at T0 used to 

estimate the large particle contributions during the “missing” data period is shown in blue, along with 

the average SMPS distribution determined over the same time period. Note that the f(RH) and γ model 

calculations are not particularly sensitive to the shape of the assumed supermicron size distribution 

because the scattering efficiency Q starts to reach an asymptotic limit in the supermicron size range. 

There is good overlap between the SMPS and APS size distributions. 

 

Specific comments:  

Paragraph 3.1, page 31208, line 14 : Please replace (Zaveri et al., 2012) by Zaveri et al. (2012).  



Paragraph 3.2.2, page 31209, line 24-25 : Please indicate the three RH values.  

Paragraph 3.4, page 31214, line 6 : Please replace (Setyan et al., 2014) by Setyan et al. (2014).  

Table 1: Please add references of the values used for model calculations.  

We have made these changes. 

 

Anonymous Referee #3  

The paper presents an analysis of the effect of water uptake on particulate light extinction and 
scattering during the CARES 2010 study. The analysis includes a comparison of measured and 
calculated gamma values as well as a determination of kappa values for different aerosol 
chemical species and for supermicron particles. Very little attention has been paid to the 
hygroscopic growth of supermicron particles making this is a novel aspect of this study. The 
paper is well written and the data are presented very clearly. The paper is publishable in ACP 
after the minor comments below have been addressed.  

p. 31206, lines 23 – 25: Particle hygroscopicity is also characterized by comparison of low and 
high RH size distributions. It would be more accurate to state here that comparison of low and 
high RH extinction and scattering coefficients is one method commonly used to characterize 
particle hygroscopicity. 

We have modified the sentence to read “One common method used to characterize particle 
hygroscopicity is through comparison between the light extinction or scattering coefficients…” 

 

p. 31212, Line 27: Chemically, what is the difference between POA and HC?  

Average mass spectra of particles that were classified into classes labeled POA and HC both 
have mass spectral peaks at m/z= 43, 41, 39, 27, 55, 57, 67, 69, 71, 77, 83, 95, etc. – very similar 
to the AMS HOA mass spectrum. However, the mass spectra of particles that belong to POA and 
HC classes are different enough to be classified into different classes – while HC is dominated 
by low m/z peaks, POA particles have larger fraction of PAHs. Moreover, the temporal evolution 
of these two particle types are different. 

p. 31214, Line 11: The APS actually quantified particle number concentrations up to 20 um?  

The APS measured particles up to this size, and attempts were made to minimize losses to the 
APS. However, as the optical instruments only measured particles smaller than ~3 microns this 
larger size range is inconsequential. A link to the manufacturers’ description is provided here, for 
reference: 
http://www.tsi.com/uploadedFiles/_Site_Root/Products/Literature/Spec_Sheets/3321.pdf 

 



Figure 1c: Based on this figure, the SMPS and APS data do not appear to line up very well. 
Explanation?  

The data overlap better than it visually appears from this figure. Please see the response to 
Reviewer 2 and the associated figure for a demonstration of the good overlap between these 
instruments.  

 

Figure 3 caption: The four panels should be described in order, i.e., 3a, 3b, 3c, and 3d. Or at least 
3a and 3c, then 3b and 3d.  

We have modified the caption. 

 
p. 31221, Lines 21 – 23: The statement that gamma at T0 and T1 are similar during the latter part 
of the study is not apparent from the figure. Observed values are higher during this period at T1 
compared to T0.  

Discussion of the observation in question was removed from the text. It was based on an 
examination of the data from the full campaign, some of which was not used in this paper for 
reasons that were explained in the Experimental section of the manuscript.   

 

Figure 5: It would be helpful to have a color scale to refer to.  

We have added color scales to the figure.   

 

p. 31227, Lines13 – 15: It would be more appropriate to cite references that measured ocean-
derived sea spray aerosol rather than tank/laboratory derived. I suggest Keene et al., JGR, 2007, 
Facchini et al., GRL, 2008 or Quinn et al., Nat. Geoscience, 2014. 

Thank you, we have included those references in the revised manuscript.  
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  21 

Abstract 22 

Measurements of the effect of water uptake on particulate light extinction or scattering 23 

made at two locations during the 2010 CARES study around Sacramento, CA are reported. 24 

The observed influence of water uptake, characterized through the dimensionless optical 25 

hygroscopicity parameter , is compared with calculations constrained by observed particle 26 



2 
 

size distributions and size-dependent particle composition. A closure assessment has been 27 

carried out that allowed for determination of the average hygroscopic growth factors (GF) 28 

at 85% relative humidity and the dimensionless hygroscopicity parameter  for oxygenated 29 

organic aerosol (OA) and for supermicron particles (defined here as particles with 30 

aerodynamic diameters between 1 and 2.5 microns), yielding κ = 0.1-0.15 and 0.9-1.0, 31 

respectively. The derived range of oxygenated OA  values are in line with previous 32 

observations. The relatively large values for supermicron particles is consistent with 33 

substantial contributions of sea salt-containing particles in this size range. Analysis of time-34 

dependent variations in the supermicron particle hygroscopicity suggest that atmospheric 35 

processing, specifically chloride displacement by nitrate and the accumulation of 36 

secondary organics on supermicron particles, can lead to substantial depression of the 37 

observed GF.  38 

 39 

1 Introduction 40 

It is well established that atmospheric particles can have a strong influence on climate 41 

through their direct effect: scattering and absorption of solar and terrestrial radiation. 42 

Models must incorporate the net counteracting effects of cooling due to light scattering by 43 

particles and warming due to light absorption by greenhouse gases and particles to be 44 

successful at predicting global mean temperature.  Uncertainties associated with climate 45 

forcing by particles remain sizable, and the negative forcing may be comparable to the 46 

collective positive radiative forcing from greenhouse gases (IPCC, 2013). Refinements of 47 

the linkage between the end results of models and measurements – particulate optical 48 

effects on the climate system as observed by in situ, ground-based, remote, and satellite 49 

measurements – and the presumptive sources of the particles are desirable to allow 50 

prediction of the effects of regulatory and other changes in future emissions. 51 

Global climate models cannot currently fully represent the complex mixing state of 52 

particles indicated by in situ measurements. Therefore, such models typically utilize 53 

compositionally ensemble-averaged particle types with defined size distributions to 54 

represent the contributions from various sources. At the other extreme, some detailed 55 

models used for regional climate modeling and air quality simulation account more 56 
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explicitly for particle dynamics, aging and mixing state (e.g. Riemer et al., 2010; Zaveri et 57 

al., 2010). In both simple and complex models, the extent of particulate water is determined 58 

by the local atmospheric relative humidity (RH) and the particle composition, the latter of 59 

which controls the particle hygroscopicity.  60 

Particle composition is variable in space and time. Ambient measurements of 61 

submicron particle (i.e., particles with diameters <1 m) chemical composition indicate 62 

that both organic and inorganic components contribute substantially to the overall 63 

submicron particle burden (Jimenez et al., 2009). Compared to the major inorganic 64 

components, the properties of organic particulate matter – including hygroscopicity – are 65 

not as well established and are additionally much more variable. Much atmospheric organic 66 

particulate matter, or organic aerosol (OA), is secondary in origin, meaning that it is 67 

produced through chemical reactions. There are fewer studies that have explicitly 68 

investigated the hygroscopicity of ambient supermicron particles, i.e. those with diameters 69 

>1 m (e.g. Hegg et al., 2008; Zhang et al., 2014).  70 

One common method used to characterize particle hygroscopicity is through comparison 71 

between the light extinction or scattering coefficients (bext and bscat, in Mm-1) measured at 72 

low (dry) and high relative humidity (RH). The extinction or scattering enhancement 73 

factors, fext(RH) and fscat(RH), are defined as the ratio between the bext or bscat measured at 74 

the high and low RH values. There are many measurements of f(RH) reported in the 75 

literature, often focusing on differences in observed f(RH) values between air masses 76 

containing different aerosol types (e.g. marine, urban) (e.g. Carrico et al., 2003; Massoli et 77 

al., 2009; Titos et al., 2014; Zhang et al., 2014; Zieger et al., 2010; Zieger et al., 2013). Yet 78 

new, quantitative assessments of the relationship(s) between particle composition and 79 

f(RH), and how these differ between different regions, remain necessary given that use of 80 

some of the most widely used aerosol optical models (e.g. OPAC) can still lead to 81 

substantial model/measurement discrepancies (Zieger et al., 2013). In particular, there 82 

remains a need to better understand the hygroscopic properties of OA and supermicron 83 

particles. In this study, the connections between particle composition, hygroscopicity, and 84 

optical properties (specifically scattering and extinction) are examined through optical 85 

closure based on observations made during the 2010 Carbonaceous Aerosols and Radiative 86 
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Effects Study (CARES) field intensive (Zaveri et al., 2012). In particular, the observations 90 

are utilized to determine the hygroscopicity of specific particulate constituents, namely the 91 

oxygenated fraction of OA, termed OOA, and of supermicron particles. 92 

 93 

2 CARES Campaign 94 

During June of 2010, a variety of aerosol and gas-phase species, as well as 95 

meteorological and radiative properties were measured as part of the CARES field 96 

intensive campaign in the Sacramento/Central Valley region of California (Zaveri et al., 97 

2012). The CARES study was designed to take advantage of a persistent southwesterly 98 

flow pattern that transports pollutants from the Sacramento urban core and nearby Bay 99 

Area across the mostly agricultural areas in the Central Valley toward the forested foothills 100 

of the Sierra Nevada mountains (Fast et al., 2012). Two heavily instrumented ground sites 101 

were used to capture the evolution of the urban plume: one located just to the northeast of 102 

Sacramento, denoted T0, and one in the foothills of the Sierra Nevada in Cool, CA, referred 103 

to as T1 (Zaveri et al., 2012). Aircraft were also used to directly monitor the transport 104 

during periods predicted to have favorable meteorology. The results presented in this work 105 

are based on measurements obtained only at the two ground sites. 106 

Much of the campaign was characterized by daytime west-east transport between the 107 

T0 and T1 sites, although there were occasional disruptions to the generalized flow pattern 108 

by shifts to northerly/northwesterly flow (Fast et al., 2012; Zaveri et al., 2012). The analysis 109 

here focuses primarily on periods with T0 T1 transport, but data from the entire 110 

campaign are considered. At least one of these periods (near the end of June) exhibits multi-111 

day recirculation, either as a result of a daytime upslope / nocturnal downslope flow pattern 112 

or involving air mass lofting followed by subsidence near the west side of the valley. The 113 

recirculation period produced an extensively processed organic aerosol (Setyan et al., 114 

2012).  115 

 116 
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3 Experimental 119 

3.1 Sampling  120 

Instruments were housed in dual, air-conditioned construction trailers with common 121 

aerosol and gas-phase manifolds. The detailed specifications of the aerosol inlet system are 122 

provided in Zaveri et al. (2012). Briefly, a high-throughput pump pulled air into a stainless 123 

steel aerosol inlet positioned between and above the trailers. The aerosol flow was split 124 

between the trailers and within the trailers into two separate ¾ inch stainless manifolds 125 

connected to high-flow return pumps. Each aerosol instrument station accessed the 126 

manifold through a ¼ inch centerline pick-off using the instrument’s pumping system. No 127 

intentional size selection was incorporated into the aerosol sampling mast or manifold 128 

system, but some of the instruments used size fractionation at their individual sampling 129 

points, as noted below.   130 

3.2 Optical Property Measurements 131 

3.2.1 Cavity Ring Down-Photoacoustic Spectrometer 132 

Light extinction coefficients were measured at T0 at 405 nm and 532 nm using the UC 133 

Davis two-wavelength Cavity Ring Down-Photoacoustic Spectrometer (CRD-PAS) 134 

instrument from 16 – 29 June 2010 (Langridge et al., 2011). Only data from the 532 nm 135 

CRD channels are used here, averaged to 10 minutes. Four 532 nm channels were operated: 136 

low RH (~25%), mid RH (~75%), high RH (~85%) and a gas-phase, filtered channel (at 137 

low RH). The gas-phase channel was used to correct for contributions from NO2 and O3 138 

absorption. Gas-phase absorption was noticeable prior to the introduction of a guaiacol + 139 

NaOH denuder on 21 June, which successfully removed NO2; after this point the gas-phase 140 

absorption was zero. The estimated precision-based uncertainty for the bext at 532 nm, as 141 

determined from an Allan Variance analysis, was 0.27 Mm-1 (1σ, 2.2 sec.) or 0.05 Mm-1 142 

(1σ, 60 sec. average). The CRD-PAS sampled behind a PM2.5 (aerodynamic diameter < 2.5 143 

m) URG Teflon-coated aluminum cyclone. Sampled particles were dried to ~25% RH in 144 

a flow-through Nafion dyer, after which the flow was split and two of the channels were 145 

re-humidified using custom flow-through humidifiers. A time-series of the RH in the high-146 
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RH channel is shown in Fig. S4. Relative humidity and temperature were measured within 150 

the CRD cavities by Vaisala sensors (HMP70) that were calibrated with saturated salt 151 

solutions before the campaign, giving an estimated absolute accuracy of +/- 2%. 152 

3.2.2 Nephelometer/Humidigraph 153 

Light scattering by particles at multiple RH values was measured at the T1 site using a 154 

“humidigraph” (Pekour et al., 2012). The humidigraph is comprised of three nephelometers 155 

(Aurora Nephelometer, Model 1000) that measure bscat at 525 nm at one low and two higher 156 

RH values. Data were acquired at 1 Hz from 8 – 27 June 2010 and averaged to 10 minutes. 157 

No intentional size cut was applied, although based on the configuration of the aerosol inlet 158 

it is unlikely that particles much larger than ~3 m were sampled. No truncation correction 159 

has been applied to the observations. Based on the relationships provided in Müller et al. 160 

(2009) that relate the magnitude of the truncation correction to the scattering Ångstrom 161 

exponent, and calculations of the Ångstrom exponent based on the observed size 162 

distributions, the truncation correction for the Aurora nephelometer should be about 4%. 163 

The influence of the truncation correction on the observed fsca(RH) will, however, be much 164 

smaller than 4% because it will approximately cancel when taking the ratio between the 165 

wet and dry particle scattering; we estimate that not accounting for instrument truncation 166 

will have influenced the fsca(RH) values by < 1%.  167 

The instruments were operated with one of two distinct configurations. In one (8 – 17 168 

June), the three nephelometers were operated in parallel, with the aerosol stream being split 169 

and sampled respectively (i) through a Nafion dryer (low RH), (ii) without alteration (mid 170 

RH), and (iii) through a water-cooled line (high RH). In the second configuration (21 – 27 171 

June), the entire aerosol stream was first humidified, after which 1/3 of the flow was split 172 

to a high-RH nephelometer and the remaining flow was passed through a Nafion dryer after 173 

which 1/2 of this flow was directed to a mid-RH nephelometer while the remaining flow 174 

was passed through a second Nafion drier and on to a low-RH nephelometer. The second 175 

configuration provided for more useful ranges of RH (since the original configuration often 176 

resulted in near-coincidence of the low and ambient RH channels) and assured that salt-177 

like aerosols would be on the high RH branch (efflorescence) of the hysteresis curve. A 178 

time-series of the RH in the high-RH channel is shown in Fig. S4; the average value during 179 
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the second configuration was 72% ± 9%, with the range resulting from large diurnal 180 

temperature swings in the trailer. The average low RH was 29% ± 4%. Measurements made 181 

using the second configuration are used in the primary analysis below, although results 182 

from June 15 (using the initial configuration) will be considered as a specific case study. 183 

The RH, temperature and pressure were measured independently by sensors within each of 184 

the nephelometers.  185 

3.2.3 Hygroscopicity characterization 186 

The low and highest RH bext and bscat observations at T0 and T1, respectively, have 187 

been used to determine a time-series of f(RH). The f(RH) values have been converted to 188 

the dimensionless extinction or scattering hygroscopicity parameters (Massoli et al., 2009; 189 

Quinn et al., 2005), γext and γscat, as: 190 

 191 

γ ൌ െ
୪୬ሾሺோுሻሿ

୪୬ቈ
భబబషೃಹೢ
భబబషೃಹ



        (1.) 192 

 193 

The use of γ assumes a power-law dependence of extinction and scattering on RH, which 194 

arises mostly from the increase in particle size with water uptake.  also implicitly assumes 195 

continuous water uptake. Whereas f(RH) is dependent on the absolute RH values,  is 196 

reasonably independent of RH and thus provides a more robust characterization of the 197 

fundamental particle hygroscopicity. 198 

3.3 Particle Composition Measurements 199 

3.3.1 Ensemble Aerosol Mass Spectrometry 200 

Mass concentrations of submicron non-refractory particulate matter (NR-PM) were 201 

measured at both T0 and T1 using Aerodyne high resolution time-of-flight aerosol mass 202 

spectrometers (HR-ToF-AMS, henceforth AMS) (Canagaratna et al., 2007; DeCarlo et al., 203 

2006). NR-PM components measured by the AMS include the major inorganic species 204 

sulfate, nitrate and ammonium (along with some forms of chlorine), and OA. The AMS 205 
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measures ensemble-average particle composition for particles with vacuum aerodynamic 208 

diameters (dp,va) between ~ 30 nm and 1000 nm. At T1, size-dependent composition was 209 

also measured. Assuming spherical particles, dp,va is related to the particle mobility 210 

diameter (dp,m) through particle density ρp (assuming spherical particles) (DeCarlo et al., 211 

2004). A dp,va = 1000 nm corresponds to a dp,m of  670 nm for ρp = 1.5 g cm-3 and 500 nm 212 

for ρp = 2 g cm-3. The calculation of optical properties depends on geometric (physical) 213 

diameter, which for spherical particles is equal to dp,m and not dp,va. Therefore, with respect 214 

to the measurement of particle composition relevant to the calculation of optical properties, 215 

it is more precise to state that the AMS measures approximately sub-670 nm particles, not 216 

submicron particles. However, for simplicity and consistency with the literature we will 217 

refer to particles with dp,va < 1000 nm as submicron.  218 

Further characterization of the OA was obtained via positive matrix factorization 219 

(PMF), from which different OA “types” (or factors) were identified (Zhang et al., 2011). 220 

During CARES, three major factors were identified at T0 and T1. At T0 there were two 221 

less-oxygenated factors and one highly oxygenated factor, while at T1 there was only one 222 

less-oxygenated factor but two highly oxygenated factors (Setyan et al., 2012). Since the 223 

hygroscopicity of the two less oxygenated OA factors at T0 and the two highly oxygenated 224 

factors at T1 are likely similar they have been combined into one factor in each case. Thus, 225 

only two OA types are considered at each site, one less oxygenated, referred to as 226 

hydrocarbon-like OA (HOA), and one highly oxygenated, referred to as OOA.    227 

3.3.2 Single Particle Mass Spectrometry 228 

Two different types of single particle mass spectrometers were deployed, one at T0 and 229 

one at T1. At T1, the Particle Analysis by Laser Mass Spectrometry (PALMS) instrument 230 

was deployed (Cziczo et al., 2006). PALMS samples particles through an aerodynamic lens 231 

into a vacuum chamber where individual particles are detected and sized using dual 232 

continuous 532 nm lasers after which 193 nm light is used to ablate and ionize the particles. 233 

The resulting ions are analyzed using a ToF-MS. PALMS detects and characterizes the 234 

composition, including refractory components, of particles in the size range 300 nm < dp,va 235 

< 2,000 nm. Single particles are classified according to the predominant ions in their mass 236 



9 
 

spectra. PALMS provides a semi-quantitative indication of particle mixing state by 237 

identifying differences in composition between individual particles (Murphy et al., 2006). 238 

At T0 SPLAT II was deployed (Zelenyuk et al., 2009). SPLAT II works similarly to 239 

the PALMS, with a key difference being that SPLAT II uses a CO2 laser to first desorb the 240 

non-refractory fraction of individual particles and a 193 nm excimer laser to ionize the 241 

produced gas-phase plume and ablate the refractory particle fraction. For spherical 242 

particles, SPLAT II has nearly 100% detection efficiency over the range 125 < dp,va < 600 243 

nm, with 50% cut-off at dp,va=85 nm. Above and below this size range the detection 244 

efficiency falls off, although particles with diameters up to a few microns can be detected. 245 

For non-spherical particles, the detection efficiency can be substantially lower due to 246 

divergence of the particle beam. Characterized particles are classified according to the mass 247 

spectra. SPLAT-identified particle types included soot, biomass burning (BB), primary OA 248 

(POA), hydrocarbon-like (HC), sea salt (SS), dust, two types of amine containing particles 249 

(amine Type I and Type II) and mixtures of organics and inorganics, predominately sulfate, 250 

with varying relative abundances. The mixed sulfate/organic particles are referred to as 251 

Sulfate + OA Type I through Type IV, signifying mixtures from 75% sulfate down to less 252 

than 5% sulfate respectively. Because particles with different compositions may exist in 253 

different size ranges and have different shapes, the detection efficiencies could vary with 254 

type (especially for the dust and sea salt that tend to be present in larger particles). For 255 

comparison with the AMS, the size distributions of the sulfate/OA particle types were used 256 

to estimate the size-dependent distribution of sulfate mass and OA mass. The size-257 

dependent mass of each particle type was estimated from the measured particle-phase 258 

densities and particle size (assuming spherical particles), and the relative amounts of OA 259 

and sulfate mass in each particle size bin were determined from their relative ratios, as 260 

further described in Section 4.  261 

For both the T0 and T1 sites, the single particle measurements were the only 262 

instruments deployed that provide information on the composition of supermicron 263 

particles. This data limitation has implications as to how the supermicron particle 264 

composition is treated in the optical calculations discussed in Section 4. 265 
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3.3.3 Refractory Black Carbon 267 

Refractory black carbon (rBC) mass concentrations were measured at both sites using 268 

single particle soot photometers (SP2; DMT, Inc.) (Schwarz et al., 2010). The SP2s were 269 

calibrated using mobility size-selected Aquadag (Acheson, Inc.) graphite-containing 270 

particles and the known relationship between mobility diameter and per-particle mass for 271 

this particle type. The rBC concentrations have been adjusted to account for the higher 272 

sensitivity of the SP2 to Aquadag than to other black carbon types (in particular, to diesel 273 

soot) (Laborde et al., 2012a). The CARES SP2 instruments measured rBC-containing 274 

particles with volume equivalent core diameters (dp,ved) between 30 nm and 400 nm, 275 

although the SP2 is not fully quantitative for particles with dp,ved < ~100 nm (Laborde et 276 

al., 2012b) and thus the BC concentration measured by the SP2 is a lower limit (Cappa et 277 

al., 2014).  278 

3.4  Size Distribution Measurements 279 

Submicron dry particle mobility diameter (dp,m) size distributions were measured at T0 280 

and T1 using scanning mobility particle sizers (SMPS) comprised of a charge neutralizer, 281 

differential mobility analyzer (DMA) and a condensation particle counter (CPC). The 282 

SMPS at T0 was a commercial TSI system (3081 DMA column and model 3775 CPC). 283 

The SMPS used at T1 is described in Setyan et al. (2014). The SMPS data were corrected 284 

for multiply-charged particles and diffusional losses within the instruments. At T0 the 285 

SMPS was configured to measure particles over a size range of 12 nm to 737 nm while the 286 

T1 instrument measured from 8 nm to 858 nm. 287 

Supermicron dry particle aerodynamic diameter (dp,a) size distributions were measured 288 

at both sites over the size range 542 nm to 20,000 nm using aerodynamic particle sizers 289 

(APS; Model 3321, TSI, Inc.). The measured aerodynamic size distributions were 290 

converted to dp,m-equivalent size distributions assuming spherical particles and a constant 291 

density of 2.0 g cm-3 (roughly compatible with either an inferred dust or sea salt 292 

composition) with: 293 

 294 
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 296 

where Cc is the Cunningham slip correction factor (DeCarlo et al., 2004). Because Cc 297 

depends on dp,m, Eqn. 2 must be solved iteratively. For reference, a particle with dp,a = 2500 298 

nm and p = 2 g cm-3 has a dp,m = 1745 nm and a particle with dp,a = 1000 nm and 2 g cm-3 299 

has a dp,m = 685 nm. It should be noted that dp,a is not equivalent to the dp,va measured by 300 

the AMS, SPLAT II and PALMS. 301 

The SMPS and converted APS size distributions were merged into a single mobility-302 

diameter size distribution (Figure 1 C and F). The SMPS measurements were used for 303 

particles with diameters < 737 nm and the APS measurements were used for larger 304 

particles. We will refer to particles with dp,m < 737 nm as “submicron” and with 1700 nm 305 

> dp,m > 737 nm as “supermicron”, since the sub/supermicron distinction is typically based 306 

on aerodynamic diameter.  307 

The merged size distributions were ultimately used as input to the Mie theory 308 

calculations (see next section), and thus the assumption regarding the particle density will 309 

have some influence on the calculated scattering. It is unlikely that the particle density is 310 

much larger than 2 g cm-3. Had smaller values been assumed, the shift in dp,a to dp,m would 311 

have been smaller and, consequently, the calculated scattering would be increased. Had a 312 

density of 1.75 or 1.5 g cm-3 been assumed, the calculated scattering would have increased 313 

on average by ~8% or 21%, respectively. This is important to keep in mind in the context 314 

of the dry particle optical closure presented below. However, a density of 2 g cm-3 gave the 315 

best overlap with the SMPS distribution, on average, and thus was chosen here; the average 316 

SMPS and APS mobility size distributions are shown for the T0 site in Fig. S1 for 317 

reference. Additionally, since the hygroscopicity measurements result from a ratio of 318 

extinction or scattering values, these effects largely cancel out and lead to only minor 319 

changes in the derived hygroscopicity parameters. 320 

The APS at T0 malfunctioned after 22 June 21:00 PST, limiting the period over which 321 

observations of extensive properties, such as bext, at this site can be directly compared with 322 

calculations. However, calculations of intensive properties, such as f(RH) or RH, exhibit 323 
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less sensitivity to the exact nature of the size distribution since the intensive properties 325 

depend on the calculation of ratios of extensive properties; this is especially true when dp,m 326 

> ~700 nm. This lack of sensitivity is exploited here to facilitate comparison of calculated 327 

and observed RH. The measured supermicron size distribution shape was constant in time 328 

over the measurement period during which the APS was operating properly, with only the 329 

total particle concentration varying. A synthetic supermicron size distribution for the 330 

missing data period was therefore determined by comparing the observed and calculated 331 

dry particle bext (see next section).  Specifically, the shape of the distribution was assumed 332 

equal to the campaign average (Figure S1), and the number concentration of particles with 333 

dp,m > 737 nm was scaled such that the observed and calculated dry bext agreed to within 334 

1%. The final, merged size distribution after 22 June is comprised of actual SMPS 335 

measurements and the synthetic APS distribution. Importantly, small mismatches in the 336 

exact shape of the supermicron particle size distribution have only a small effect on the 337 

derived hygroscopicity. 338 

 339 

4 Optical property calculations 340 

4.1 General methodology 341 

Time-series of bext and bscat have been calculated from Mie theory for both low and high 342 

RH conditions using the measured dry particle size distribution and composition as model 343 

inputs. The combined low RH and high RH calculations have been used to calculate f(RH) 344 

and  values, which can be compared with the observations. The calculations require 345 

specification of the amount of particle phase water and the associated particle growth, 346 

which depends on the particle composition. The hygroscopicity of the various particulate 347 

components varies and is reasonably well-known for some components (e.g. ammonium 348 

sulfate, ammonium nitrate, black carbon, hydrocarbon-like OA) but is not as well 349 

established for others (e.g. OOA and supermicron particles). Here, the hygroscopicity of 350 

the "unknown" components, specifically of OOA (Section 5.2.3) and of supermicron 351 

(Section 5.2.4) particles, have been determined through comparison between the observed 352 
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and calculated values. Further details of the general methodology used here are presented 354 

below. 355 

The bext and bscat have been calculated from the observed dry particle size distributions 356 

using a numerical implementation of spherical particle Mie theory (Bohren and Huffman, 357 

1983). At each point in time extinction and scattering cross sections, ext and scat, were 358 

calculated for each median diameter of the appropriate (i.e. RH-adjusted) bin in the size 359 

distribution (dp,m,RH) and multiplied by the observed particle number distribution, and the 360 

product was then integrated over size to produce the bulk optical coefficients: 361 

 362 

ܾ௫௧ ൌ  ௫௧൫݀,,ோு൯ߪ ∙
ௗே

ௗ൫ௗ,,ೃಹ൯

ௗ,,ౣ౮

ௗ,,
 ሺ݀,,ோுሻ   (3.) 363݈݃݀

 364 

Submicron and supermicron particles are treated separately (i.e. as having distinct 365 

properties), but in similar manners. Bulk-average real refractive indices (n) were calculated 366 

at each point in time using volume mixing rules, specifically: 367 

 368 

 
i

iitot nVFn          (4.) 369 

 370 

where VFi is the volume fraction of component i in each particle, including water, and the 371 

species-specific n values are given in Table 1. For submicron particles the dry VF values 372 

were determined from the measured mass concentrations of the individual PM components 373 

using the densities given in Table 1. Dry supermicron particles were assumed to have a 374 

constant real refractive index (Table 1). This assumption does not account for variations in 375 

the refractive index that can result from variations in the supermicron particle composition 376 

(e.g. sea salt versus dust). Particulate water volume fractions (VFH2O) were determined 377 

based on the measured particle composition, as discussed further below. The base-case 378 

assumes that the particles do not absorb light. The influence of particle light absorption on 379 

the calculations is discussed separately in Section 5.2.7. 380 
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The RH-specific physical growth factors (GF = dp,m,wet/dp,m,dry) associated with each 381 

submicron NR-PM component (GFi) were determined based on the hygroscopicity 382 

parameter,  of the individual component using the relationship (Petters and Kreidenweis, 383 

2007): 384 

 385 
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 387 

where dp,m,dry is the dry particle diameter, RH is the measured (low or high) RH and A = 388 

2.09 nm is a constant that includes the surface tension of water and other physical constants. 389 

Values of  for the inorganic salts, black carbon and HOA are specified based on the 390 

literature (Table 1), while  values for both OOA and supermicron particles are determined 391 

through optical closure, discussed in Section 5.2. The overall GF of the particles at the 392 

measured RH were then calculated from volume mixing rules: 393 

 394 
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 396 

where the summation is taken over all non-water components. The wet particle diameters 397 

for use in the Mie calculations (Eq. 4) are 398 

 399 

dp,m,RH = GFtot(RH)∙dp,m,dry ,        (7.) 400 

 401 

and the resulting VFH2O are 402 

 403 
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4.2 Accounting for size-dependent composition and mixing state 406 

Particle composition varies with particle size and between individual particles in a 407 

given size range (Zaveri et al., 2012). Such variations can lead to size-dependent GFs and 408 

VFH2O values, which can influence the calculated optical properties. Here, three different 409 

approaches to accounting for variations in composition with dry particle size or mixing 410 

state are compared. The first approach assumes that particles are internally well mixed with 411 

a size-independent composition within a given mode (sub vs. supermicron). For the 412 

submicron particles, the bulk composition is taken as the sum of the measured NR-PM and 413 

BC. The second approach similarly assumes a size-independent (but mode-specific) 414 

composition, but with the various submicron components being externally mixed from 415 

each other, existing in single component particles. Internal versus external mixing 416 

assumptions can influence the calculated extinction for the humidified particles because 417 

internally mixed particles will all grow by the same amount due to water uptake while 418 

externally mixed particles with the same dry size will grow to different extents upon 419 

humidification. For example, consider two 150 nm diameter particles comprised of two 420 

components A and B with equal volume fractions but where component A has a GF = 1 421 

and component B has a GF = 2. Both particles will grow to be 225 nm as an internal 422 

mixture, but one will grow to 150 nm and the other to 300 nm as an external mixture of A 423 

and B, respectively. Extinction and scattering do not vary monotonically with particle size, 424 

and thus these two mixing cases do not give equivalent results.  425 

The third approach, referred to as the size-dependent composition model, accounts for 426 

size-dependent variations in submicron particle composition. Both the AMS (for T1) and 427 

the SPLAT II (for T0) measurements indicate that particle composition did vary with 428 

particle size and that this variation was time-dependent (e.g. with the time of the day and 429 

from day to day). Ideally, highly time-resolved, quantitative size-dependent composition 430 

measurements would be used in these calculations. However, given site-to-site differences 431 

in measurement/data availability, the analysis here uses the campaign average size-432 

dependent composition for each site. The use of the campaign-average information allows 433 

for a first-order assessment of how variations in particle composition with size influence 434 

the calculated optical properties. (Again, because of data availability and concerns about 435 



16 
 

variable detection efficiency of larger particles, the supermicron mode was assumed to 436 

have a size-independent composition.) 437 

The basic framework for the size-dependent submicron calculations, illustrated 438 

schematically in Figure 2, is as follows: first, normalized campaign-average mass-weighted 439 

size distributions for each particle component (e.g. OA, ammonium nitrate, ammonium 440 

sulfate) or particle type were determined. These component-specific distributions are used 441 

to determine the fraction of each component as a function of particle size. The fractions are 442 

used as size-dependent weighting-factors to apportion the measured ensemble particle 443 

composition of each component at each point in time onto the observed size distribution at 444 

that time point. This yields a time-series of composition-weighted size distributions with 445 

an assumption of completely internally mixed particles for each size bin. These 446 

composition-weighted size distributions are then used to calculate size-dependent GFs and 447 

refractive indices for use in the calculation of bext and bsca. Since the measurements used to 448 

assess the size-dependent composition differ between the two sites, differences in the 449 

specific methods used to determine the average size-dependent composition between sites 450 

are discussed in more detail below. 451 

For the T1 site, the normalized campaign-averaged size-dependent composition for 452 

submicron particles was determined from the AMS particle time-of-flight measurements 453 

(Setyan et al., 2012). It was assumed that the BC, HOA and OOA components had similar 454 

average size distributions, based on the general similarity of the observed size distributions 455 

for the AMS tracer ions m/z = 44 and m/z = 43, which exhibit some correspondence with 456 

OOA and HOA, respectively (Setyan et al., 2012). The bulk particle composition at each 457 

point in time was also determined from the AMS measurements, with the exception of BC, 458 

which comes from the SP2 measurements. The measured NH4
+ was apportioned on a molar 459 

basis between NO3
-, SO4

2- and Cl- to produce NH4NO3, (NH4)2SO4 and NH4Cl; residual 460 

NH4
+ was negligible (Setyan et al., 2012).  461 

As noted above, for T0 size-dependent submicron composition data from the AMS 462 

were not available. Therefore, the SPLAT II data were used to obtain the variation in 463 

composition with size within the submicron range and to determine the normalized size-464 

dependent composition. To provide some consistency between T0 and T1, the SPLAT 465 
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particle types were mapped onto the AMS+SP2-derived component types as follows: HOA 467 

is equivalent to the sum of the SPLAT II POA, BB, and HC categories; BC is equivalent 468 

to the SPLAT II soot type; inorganic ions (excluding sea salt and dust) are equivalent to 469 

SPLAT II sulfate; oxygenated OA is equivalent to SPLAT II OA. SPLAT II reports sulfate 470 

and OA as mixed particle types of varying relative composition, and thus the sulfate and 471 

OA modes were estimated from weighted sums of the mixed sulfate + OA particle types. 472 

For example, the size distribution for the 50/50 sulfate + OA mixed particle type is split 473 

into two individual sulfate and organic size distributions, with half the mass in one and half 474 

in the other. The total sulfate (really, total inorganics) and OA distributions are then 475 

determined from the sum over all of the different sulfate + OA particle types. The overall 476 

distribution is then determined by assuming that the particles are internally mixed within 477 

each size bin. A cartoon illustrating this process is shown in Figure S2. This last assumption 478 

(internal mixing within a given size bin) discards some of the available information from 479 

the SPLAT II measurements on mixing state, but is done to facilitate comparison with the 480 

AMS results from T1. Comparison of the size-independent internally-mixed versus 481 

externally-mixed calculations provides some indication of the limitations of this 482 

simplification.  483 

It is assumed in all cases that the supermicron composition is size-independent, a 484 

simplification that has been made to account for limitations regarding time-dependent 485 

variations in the supermicron particle composition. Unless otherwise stated, results of 486 

calculations in Section 5.2 have used the size-dependent submicron composition method. 487 

The three approaches (external mixing, size-independent internally mixed and size-488 

dependent internally mixed) are compared in Section 5.2.6. 489 

 490 

5 Results and Discussion 491 

5.1 Overview of Observations 492 

Time series for the dried (RH < 40%) and humidified (RH ~ 85%) particle extinction 493 

(532 nm) or scattering (525 nm), the submicron particle composition as volume fractions, 494 

and the volume-weighted particle size distributions are shown in Figure 1 for both T0 and 495 
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T1. At T1 the submicron particle composition is dominated by OOA (Figure 1E), as noted 496 

by Setyan et al. (2012). At T0, organics also comprise a large fraction of the total submicron 497 

PM, although HOA/OA is larger than at T1 (Figure 1B). Further, there are periods where 498 

the OA fraction is only ~50% of the submicron PM mass at T0, while the OA fraction is 499 

always >70% at T1. At both T0 and T1 the submicron contribution to the overall PM2.5 500 

particle volume concentration tends to be larger than for supermicron components, 501 

although there are periods where the supermicron components contribute substantially 502 

(Figure 1C, 1F and S3), and it should be noted that contributions from even larger particles 503 

(dp,a > 2.5 m) can be substantial (Kassianov et al., 2012).  504 

Time-series of the observed optical hygroscopicity parameter, γ, for T0 and T1 are 505 

shown in Figure 3A and 3C.  Values of γ varied from as low as ~ 0.2 to as high as ~ 1.0. 506 

The values of  at T0 and T1 are similar during the latter part of the study (22 through 28 507 

June) when transport and recirculation is thought to have homogenized the particle 508 

composition between the two sites (Fast et al., 2012; Zaveri et al., 2012).  509 

5.2 Optical Property Model/Measurement Comparison 510 

5.2.1 Optical closure under low-humidity conditions 511 

Time-series of bext,low and bsca,low for PM2.5 and PM1 have been calculated from Mie 512 

theory, with the PM2.5 results shown in Figure 3. There is generally good agreement 513 

between the measured and calculated bext,low or bsca,low (Figure 4A and B) at both sites. The 514 

slope of a linear Orthogonal Distance Regression (ODR) fit of the observed versus 515 

calculated bext,low at T0 is 1.005 (± 0.005) (1 of the fit) and for the bsca,low at T1 is 1.02 (± 516 

0.004), which demonstrates agreement and closure to well within the experimental 517 

uncertainties. (Note that for T0, only data from the period prior to 6/22 at 21:00 PST, when 518 

the APS was in operation, are included in the fit.)  The generally good agreement at T1 is 519 

notable since no explicit size cut was used during sampling and is important in the context 520 

of the particle hygroscopicity assessment discussed below. For these fits (Figure 4A and 521 

4B), the y-intercept was constrained to be equal to zero, but the intercepts produced when 522 

the fits were not forced through zero were statistically indistinguishable from zero at the 523 

95% confidence level.  524 
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The calculated average supermicron fractional contribution (fsuper) to the PM2.5 bext at 528 

T0 ranged from 0.05 to 0.4, with a mean value of 0.21 ± 0.10 (1), while at T1 fsuper ranged 529 

from 0.05 to 0.6 with a mean value of 0.22 ± 0.13 (1) (Figure S3). The fsuper at T1 after 530 

June 21 (i.e. during the period when reliable high RH measurements are available) were 531 

smaller, varying from 0.05 to 0.4 with a mean of 0.11 ± 0.05 (1) (Figure S3). There is a 532 

general correspondence between periods of high supermicron influence at T0 and T1, in 533 

particular during the period from 18 to 21 June, although the fsuper values at T1 tend to lag 534 

those at T0 by 6-12 hours.  535 

5.2.2 Optical closure under elevated-humidity conditions 536 

The calculation of wet particle optical properties requires that the GFs (or equivalently 537 

 values) for the major PM components are known so that the water uptake due to each 538 

component can be assessed. The  values for the major highly-hygroscopic inorganic 539 

components, ammonium nitrate and ammonium sulfate, are known, and BC and HOA are 540 

essentially non-hygroscopic, with  values of 0 and 0.006, respectively (Table 1; (Petters 541 

and Kreidenweis, 2007)). In contrast, the hygroscopicity of OOA is variable and depends 542 

on the specific OOA composition, with reported OOA values from field observations or  543 

values for oxidized OA from laboratory experiments ranging from ~0.05-0.25 (Cappa et 544 

al., 2011; Jimenez et al., 2009; Lambe et al., 2011; Levin et al., 2014; Massoli et al., 2010; 545 

Mei et al., 2013). The hygroscopicity of the supermicron particles in this study, super, is 546 

also not a priori well-established. Since water uptake can have a large impact on the optical 547 

properties of ambient PM, it is important that the hygroscopicity of the various contributing 548 

components be well understood.   549 

Average optimal values for OOA and super for both the T0 and T1 sites have been 550 

established for this dataset by determining the specific values that lead to the best 551 

agreement between the calculated and observed  time-series. Since there are two 552 

unknowns, we have taken the simplifying approach of assuming that OOA and super are 553 

site-specific constants for the entire campaign. Limitations of this simplification are 554 

examined further below. Optimal OOA and super are determined by independently varying 555 
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them over reasonable ranges until the best model/measurement agreement is obtained, as 556 

characterized by minimization of a parameter similar to 2, here calculated as:  557 

 558 

߯ଶ ൌ ∑
൫ఊ್ೞ,ିఊೌ,൯

మ

൫ఊ್ೞ,ାఊೌ,൯/ଶ
௧ .        (9.) 559 

 560 

Results from the optimization procedure are illustrated in Figure 5, which shows color 561 

maps of the calculated 2 values as a function of OOA and super for the two sites. For each 562 

site a single global minimum 2 value is obtained. Absolute values and associated 563 

uncertainties in the derived values are discussed further below. 564 

Time-series of the optimized bext,high and bsca,high and for  are shown for the periods 17-565 

26 June at T0 and 21-28 June at T1 (Figure 3), and the modeled extinction/scattering 566 

coefficients are compared to the measurements in Figure 4C and 4D. (Time-series of the 567 

RH in the high RH channels, and the associated f(RH) are shown in Figure S4.) The overall 568 

model/measurement agreement in the calculated extensive optical properties is good, with 569 

slopes of 0.992 (± 0.004) (1 of the fit) at T0 and 1.03 (± 0.004) at T1. This good agreement 570 

is as expected given the model/measurement agreement under low RH conditions and the 571 

fact that the OOA and super were optimized to give good model/measurement in .  572 

5.2.3 Oxygenated organic aerosol hygroscopicity 573 

The optimal average OOA hygroscopicities are OOA = 0.15 ± 0.04 for T0 and 0.09 ± 574 

0.03 for T1. The uncertainty estimate is discussed in Section 5.2.5. There is some cross-575 

sensitivity to the optimization results, e.g. larger values of super lead to smaller values of 576 

OOA, and vice versa. However, the particular cross-sensitivities of super and OOA differ 577 

between the two sites. At T0 the optimal super exhibits relatively small sensitivity to the 578 

OOA, while the reverse is not true. At T1 the optimal super exhibits greater sensitivity to 579 

variations in the OOA, with the OOA reasonably independent of super. These differences in 580 

cross-sensitivity between the two sites arise from differences in particle composition and 581 

the relative contributions of sub- and supermicron particles to the total extinction or 582 
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scattering. At T0 the supermicron contribution to total extinction is substantial while at T1 586 

it is relatively small over the period considered. At T1 the overall scattering is dominated 587 

by OOA, while at T0 the OOA contribution, although not insignificant, is comparably 588 

smaller.    589 

The consistency of the derived OOA between the two sites suggests that for OOA in 590 

the Sacramento region in the summer is OOA ~ 0.09 - 0.15, although the optimal OOA 591 

derived for T1 is likely more robust than that at T0 because of the greater sensitivity of 592 

OOA to super at T0. The oxygen-to-carbon atomic ratio (O:C) for OOA at T1 was ~ 0.5 593 

(Setyan et al., 2012) and, although comparable values are unavailable for the T0 site, the 594 

aircraft measurements indicated O:C for OOA is ~ 0.6 over the Sacramento region in 595 

general (Shilling et al., 2013). Previous work suggests that there is some relationship 596 

between degree of oxygenation of OA and . The observed OOA and OOA O:C are 597 

consistent with OA/O:C relationships determined from laboratory measurements (Jimenez 598 

et al., 2009; Lambe et al., 2011; Massoli et al., 2010) and as derived from other field 599 

observations (Chang et al., 2010; Jimenez et al., 2009; Mei et al., 2013). Altogether, this 600 

suggests that the assumption of a time-invariant, albeit site-specific OOA during CARES 601 

is reasonable, and our derived values fall within the expected range. The small difference 602 

in OOA hygroscopicities between the two sites (0.15 vs 0.09) may be due to the addition 603 

of relatively less oxidized OA produced from the biogenic precursors encountered during 604 

transit from T0 to T1, with decreased production from anthropogenically precursors as the 605 

urban plume dilutes and spreads. Alternatively, it could indicate that HOA is somewhat 606 

underestimated at T0. (There were two less oxygenated OA factors observed at T0, which 607 

were combined into a single HOA factor because they exhibited generally similar temporal 608 

dependencies. However, the average mass spectrum for one of these factors suggested a 609 

potential cooking source and appeared to be somewhat more oxidized than OA from 610 

vehicle emissions. More detailed analysis of the PMF results from T0 is beyond the scope 611 

of the current study.) 612 
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5.2.4 Supermicron particle hygroscopicity 613 

The optimal campaign-average super values were 0.9 ± 0.2 at T0 and 1.0 ± 0.2 at T1 614 

(uncertainties discussed in Section 5.2.5). These are between the values for the major 615 

submicron inorganic species ((NH4)2SO4 and NH4NO3) and the major component of sea 616 

salt, NaCl (Table 1). (The  for NaCl is ~ 1.2 (Petters and Kreidenweis, 2007)). Such large 617 

values for super indicate that the supermicron particles during CARES were overall quite 618 

hygroscopic. The SPLAT II and PALMS measurements indicate that a substantial fraction 619 

of the supermicron particles contained NaCl and other hygroscopic salts (Figure 6), 620 

indicative of a marine sea-spray influence and generally consistent with the large super 621 

values.  622 

The average super values were determined assuming that the supermicron particle 623 

hygroscopicity was constant in time at each site. However, the single particle mass 624 

spectrometry results indicate that there are some variations in the supermicron particle 625 

composition, which could lead to temporal variations in super. The potential variability in 626 

super has been assessed by minimizing the difference between the modeled and measured 627 

ext and sca at every point in time while holding OOA constant at 0.15, as opposed to a 628 

single campaign average value. A histogram of the derived individual super values for the 629 

T0 site shows a broad distribution centered around 0.8 (Figure S5). (The T0 site was 630 

considered here since the supermicron contribution to scattering at this site was larger. 631 

Also, use of a different OOA would shift the distribution, but have minimal influence on 632 

the spread.) Assessing variability in super by setting OOA to be constant is reasonable given 633 

the similarity between the OOA values at T0 and T1 and with literature values.  634 

Variability in the supermicron composition could result from variations in sources of 635 

primary supermicron PM or from photochemical processing. Sacramento is located about 636 

90 miles from the San Francisco Bay and Pacific Ocean, and thus sea-spray particles 637 

transported to the T0 site in Sacramento and the T1 site in the Sierra Foothills will likely 638 

have undergone some photochemical processing along the way. As noted above, sea salt-639 

containing particles make up a substantial proportion of supermicron particles sampled 640 

during the measurement period (Figure 6). The majority of the sea salt particles observed 641 
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were processed to differing extents as indicated in the single particle mass spectra by the 644 

presence of characteristic peaks for NaCl (m/z 23,81, 83) and NaNO3 (m/z 23,62, 30, 39, 645 

78, 92, 108) with different relative intensities. Displacement of chloride with nitrate as a 646 

result of HNO3 uptake on sea salt containing particles (Gard et al., 1998) would lead to a 647 

decrease in the overall particle hygroscopicity since NaNO3 ~ 0.84 < NaCl ~ 1.2 (Petters 648 

and Kreidenweis, 2007). Similarly, the addition of secondary organic material would lead 649 

to a decrease in  relative to that for fresh sea salt, since OOA < NaNO3 < NaCl. Thus, 650 

although classified simply as “sea salt,” more detailed consideration of the mass spectra 651 

associated with these sodium-containing particles indicate compositional variations 652 

associated with photochemical processing, with both nitrate and organic signatures 653 

observed.  654 

An example of the dependence of super on particle composition is shown for the T1 site 655 

based on single particle mass spectra from the PALMS instrument for June 15, a day during 656 

which the supermicron fraction of scattering was particularly large (0.37 ± 0.03). On this 657 

day there is an evolution from sea salt-containing particles with predominately chloride ion 658 

signatures (at 9:30 am) to mixed chloride-nitrate-organic (at 1:15 pm) to mostly organic (~ 659 

4 pm) (Figure 7). The derived super is not constant and there is a strong correspondence 660 

between the measured chloride fraction of sea salt-derived particles and super, with smaller 661 

super associated with smaller chloride fractions. As far as we are aware, this is the first 662 

direct demonstration of the influence of photochemical processing on the hygroscopicity 663 

of supermicron particles.  664 

In addition to chemical processing affecting particle hygroscopicity, variations in the 665 

sources of emitted primary supermicron particles can influence the observed supermicron 666 

hygroscopicity. For example, non-sea salt containing particles can be emitted as sea spray 667 

in addition to sea salt (i.e. sodium-containing) particles (Facchini et al., 2008; Prather et 668 

al., 2013; Quinn et al., 2014), which may have lower hygroscopicity than sea salt. Further, 669 

there are also supermicron dust particles, the hygroscopicity of which can be quite variable 670 

but is typically lower than sea salt (Koehler et al., 2009; Zhang et al., 2014). Finally, sulfate 671 

+ OA particles also contribute to the supermicron particle burden (Figure 6). Temporal 672 

variations in the contributions from these different sources, as well as variations in the 673 

Formatted: Font: Not Bold

Deleted: Figure 7

Formatted: Font: Not Bold

Deleted: Figure 6



24 
 

extent of photochemical processing, will all contribute to the observed variability in the 676 

super values at both sites. Variability in supermicron composition and the consequent 677 

impacts on the overall particle hygroscopicity will clearly require further study, ideally 678 

with both quantitative bulk and single-particle chemical information as constraints.  679 

5.2.5 Sensitivity/Uncertainty Analysis  680 

The sensitivity of the retrieved values of OOA and super to the assumed  values of the 681 

other components (e.g. (NH4)NO3, (NH4)2SO4, HOA, BC) has been investigated. Although 682 

the  values of these other components have been previously established, they still contain 683 

some uncertainty. The sensitivity of OOA and super have been determined by perturbing 684 

the other species  values by some amount and then recalculating optimized OOA and super 685 

values. For more hygroscopic components (ammonium sulfate and nitrate and sodium 686 

chloride) the  values were varied by ±10% around the literature values. The values for BC 687 

and HOA, which are assumed to be essentially non-hygroscopic, were both increased 688 

substantially from their literature values of BC = 0 and OA = 0.006 (to 0.02 and 0.05 for 689 

BC and by up to 0.05 for HOA at T0, where the loadings were higher and the greatest effect 690 

was thought to be likely). Sensitivities were determined by perturbing one component at a 691 

time. In general, an increase in  for one of the other species resulted in a lowering of both 692 

OOA and super, and vice versa, as expected since volume additivity is assumed. The 693 

absolute and relative changes in OOA and super for a given change in  of the other species 694 

have been quantified (Table 2).   695 

For T0, the  is particularly sensitive to changes in HOA, whereas the super is most 696 

sensitive to changes in AS. The sensitivity of OOA to HOA comes about because the 697 

relative concentration of HOA was substantial at T0 and was sometimes correlated with 698 

OOA, while the sensitivity of super to AS comes about because AS is similar in magnitude 699 

to the derived super. Despite these sensitivities, the overall sensitivity-based uncertainty of 700 

the OOA deriving from uncertainties in the  values of the other species at T0 is relatively 701 

small, estimated as ± 7% from summing the errors in quadrature. The sensitivity-based 702 

uncertainty in the super deriving from uncertainties in the other  values is similarly small, 703 

estimated as ± 5%. The overall uncertainty in OOA and super also depends on the anti-704 
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correlation between these two parameters (Fig. 4) and in the RH measurement (±2%). The 705 

uncertainty in RH gives an additional uncertainty in OOA of +/- 0.02 and in super of +/- 706 

0.11. The uncertainty in OOA and super at T0 from their cross-sensitivities are estimated as 707 

± 0.03 and ± 0.15, respectively, based on the 2 values (Figure 5). Thus, for T0, the mean 708 

values for the OOA and supermicron hygroscopicity are OOA = 0.15 ± 0.04 and super = 709 

0.9 ± 0.2. 710 

At T1, because bext was dominated by OA, and specifically OOA, the derived OOA 711 

values are much less sensitive to variations in  for other species, meaning that the overall 712 

uncertainty for OOA at T1 is determined predominately by the RH uncertainty. The 713 

supermicron contribution to bext at T1 is comparably small, making super much more 714 

sensitive to variations in the other  values compared to T0. Specifically, super is highly 715 

dependent on the AS, changing by 0.12 for a 10% change in AS. The estimated uncertainty 716 

in super from the cross-sensitivity to OOA is 0.1. Thus, for T1, the mean values for the 717 

OOA and supermicron hygroscopicity are OOA = 0.09 ± 0.03 and super = 1.0 ± 0.2.  718 

5.2.6 Influence of Assumed Mixing State 719 

Three different models of the submicron particle mixing state were tested in calculating 720 

the particle optical properties: an internal mixture with size-dependent composition (the 721 

base case discussed above), an internal mixture with size-independent composition and an 722 

external mixture with size-dependent composition. The optimization procedure was 723 

repeated for the two alternative models. The derived optimal OOA values are 0.15, 0.13, 724 

and 0.10 for T0 and 0.09, 0.16 and 0.08 for T1 for the internal+size-dependent composition, 725 

internal+size-independent composition and external mixture models, respectively. It is 726 

apparent that the derived OOA exhibits some, albeit limited sensitivity to the assumed 727 

mixing state, at least for the particle distributions in the Sacramento region in the summer. 728 

The derived optimal super values are 0.9, 1.2 and 0.8 for T0 and 1.0, 1.1 and 0.9 for T1 for 729 

the internal+size-dependent, internal+size-independent and external mixture models, 730 

respectively. Like OOA, the derived super is not strongly dependent upon the model 731 

formulation, although because the supermicron particles are treated as a separate, internally 732 

mixed mode in all cases this is perhaps to be expected. Despite the similarity of the derived 733 
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OOA and super values between the three models, the two size-dependent composition 734 

models generally resulted in more definitive retrievals of the hygroscopicities, i.e. the 735 

calculated 2 values exhibited a more well-defined minimum. This suggests that 736 

accounting for differences in the size distributions of inorganic and organic components 737 

may be important for accurate calculation of the optical properties of ambient PM at 738 

elevated RH. 739 

5.2.7 Influence of particulate light absorption 740 

In the Mie calculations presented herein it was assumed that the particles were non-741 

absorbing, and thus that bext = bsca. However, black carbon is highly absorbing in the visible 742 

wavelength range and, although the time-series shown in Figure 1 demonstrates that BC is 743 

typically only a small fraction of the total submicron PM, it is important to consider the 744 

extent to which the results above might change if light absorption by BC is included. One 745 

of the challenges in the simulation of BC light absorption is properly accounting for the 746 

influence of internal mixing (i.e. the presence of coatings) on the light absorption by BC. 747 

In theory (Bond et al., 2006; Fuller et al., 1999) and in some laboratory experiments (e.g. 748 

Cappa et al., 2012; Schnaiter et al., 2005), non-absorbing coatings lead to an enhancement 749 

in the absorption by BC particles above that of uncoated (externally mixed) BC particles. 750 

However, measurements for dry ambient particles during CARES indicated absorption 751 

enhancements that were substantially smaller than expected (Cappa et al., 2012). For the 752 

humidified aerosols, the effects of water on BC absorption enhancements for ambient 753 

particles remain ill characterized, although there is some experimental evidence to suggest 754 

that water uptake can lead to enhancement of absorption (Mikhailov et al., 2006).  755 

The magnitude of the potential influence of light absorption on the calculated 756 

hygroscopic growth has been assessed through a series of test calculations. Results from 757 

calculations for particles that are assumed to have an overall dry diameter of 300 nm but 758 

where (i) the particles are well-mixed and non-absorbing, (ii) the particles are well-mixed 759 

and the BC fraction is absorbing and (iii) the BC exists as an absorbing core with a non-760 

absorbing coating, i.e. in a core-shell morphology are compared. The dry particles are 761 

assumed to have 5% by volume BC, 20% ammonium sulfate and 75% OOA, giving a 762 

composite tot = 0.25 or a GF(85%) = 1.33. For the core-shell case, this corresponds to a 763 
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BC core diameter of 110 nm. The imaginary refractive index for BC is taken as 0.8. The 764 

calculated ext for the three cases are 0.43, 0.39 and 0.41, respectively. The calculated sca 765 

for the three cases are 0.43, 0.46 and 0.48, respectively. These test calculations indicate 766 

that the neglect of absorption by BC will have had a minimal influence on the ext 767 

calculations, and consequently on the derived OOA and super at the T0 site. In contrast, the 768 

calculated sca without absorption might be biased low by a small amount, which could 769 

consequently lead to small low biases in the calculated OOA and super at the T1 site.  770 

6 Conclusions 771 

Measurements of light extinction and light scattering by ambient particles (PM2.5) were 772 

made at two sites under low and high RH conditions during the 2010 CARES campaign in 773 

Sacramento, CA to assess the influence of water uptake on the optical properties of the 774 

particles. The overall effect of water uptake on extinction and scattering was characterized 775 

by the optical hygroscopicity parameter . Concurrent measurements of particle 776 

composition allowed for assessment of the relationship between particle composition and 777 

the water uptake. Optical closure calculations for the low RH measurements indicate good 778 

model/measurement agreement when the model is constrained by observed size 779 

distributions. Effective hygroscopicities, i.e.  values, were determined for OOA and for 780 

supermicron (defined here as particles with 1 m < dp,a < 2.5 m) particles based on 781 

comparison between observed and calculated  values. The derived campaign-average 782 

OOA values at the two sites were similar, with OOA = 0.15 ± 0.04 (T0) and 0.09 ± 0.03 783 

(T1), indicating that OOA is moderately hygroscopic, consistent with previous studies. The 784 

derived campaign-average super values at the two sites were also similar to each other, with 785 

super = 0.9 ± 0.2 (T0) and 1.0 ± 0.2 (T1), indicating that the supermicron particles in this 786 

region were overall highly hygroscopic. However, the super exhibited some dependence on 787 

the particle composition, with larger values observed when the supermicron particles were 788 

dominated by sea salt and smaller values observed as chloride was replaced by nitrate or 789 

when supermicron organics were prevelant.   790 

 791 
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Table 1. Species properties used in model calculations. 1011 
 1012 

PM Component Real RI Densitya

(g cm-3) 
b 

 
GF (85%)c

(NH4)2SO4 1.52 1.77 0.61 1.63 
NH4NO3 1.5 1.73 0.67 1.67 
BC 1.9 1.8 0 1.00 
Chloride 1.55 2.17 1.12 1.93 
HOA 1.45 1d 0.006 1.02 
OOA 1.49 1.4d e e 
Supermicronf 1.7d 2.1d e e 
Water 1.33 1.0 n/a n/a 
a Haynes and Lide (2014); b Petters and Kreidenweis (2007); c Calculated 
from  values; d Assumed; e Adjustable; f Technically, Dp,m > 737 nm.

 1013 
1014 
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Table 2. Change in absolute model retrieved OOA or super for a given perturbation in the assumed hygroscopicities for other particle 
components (other), along with sensitivities shown as ΔκOOA/Δκother and Δsuper /Δκother. 

 

Component other   
 (% and absolute) OOA OOA/ 

other 
super super/ 

other 
 OOA OOA/ 

other 
super super/ 

other 

(NH4)2SO4 
-10% (-0.067) 
+10% (+0.067) 

0.0077 
-0.0075 

-0.12 
-0.11 

0.0077 
-0.0091 

-0.12 
-0.14 

 
0.0023 
-0.0070 

-0.034 
-0.104 

0.192 
-0.069 

-2.86 
-1.03 

NH4NO3 
-10% (-0.067) 
+10% (0.067) 

0.0044 
-0.0044 

-0.065 
-0.065 

0.0011 
-0.0014 

-0.016 
-0.021 

 
0.0014 
-0.0018 

-0.024 
0.0061 
-0.0053 

-0.091 
-0.079 

BC 
n/a (0.02) 
n/a (0.05) 

-0.0015 
-0.0038 

-0.075 
-0.076 

0.0007 
0.0021 

0.035 
0.042 

 
-0.0004 
0.00045 

-0.021 
0.009 

-0.0019 
-0.0135 

-0.095 
-0.27 

Chloride 
-10% (-0.12) 
+7% (0.08) 

0.0004 
0.0004 

-0.003 
0.005 

0.0005 
-0.0005 

-0.004 
-0.006 

 
-6x10-6  
-0.0002 

-5x10-5 
-0.0025 

-0.0003 
-0.0011 

-0.0025 
0.0137 

HOA 
+200% (0.02) 
+733% (0.05) 

-0.0052 
-0.0167 

-0.260 
-0.334 

-3x10-6 

-0.0001 
-0.0002 
-0.002 

     

HOA 
+67% (0.01) 
+367% (0.028) 

     
-0.0004 
-0.0018 

-0.040 
-0.064 

-0.0017 
-0.0032 

-0.170 
-0.114 



36 
 

 

 

Figure 1. Overview time-series data of bext at T0 (left panels) and bscat at T1 (right panels) 
for both humidified and dried particles (A) and (D), volume fraction of the various 
submicron components, exclusive of water (B) and (E), and composite volume-weighted 
size distributions (C) and (F). Note that neither the vertical nor the horizontal scales are the 
same between the two sites/sets of panels. The black box around the last portion of the 
large particle size distribution at T0 (panel C) indicates the time period during which a 
synthetic size distribution was used, as described in the text. 
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Figure 2. Schematic of the process for determining size-dependent hygroscopic growth 
factors and real refractive indices. The top panels (A and B) illustrate how the observed 
campaign-average size-dependent normalized particle composition and the time-dependent 
particle composition are combined to yield the time- and size-dependent particle 
composition (Panel C). The resulting size-dependent particle composition is combined 
with the time-dependent size distribution (Panel D) to yield a time-dependent size 
distribution with size-dependent composition (Panel E). The resulting size distribution is 

then used to determine size-dependent growth factors,  values and real refractive indices 
(Panel F). 
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Figure 3. The  time-series of the observed (gray) and calculated (orange) RH values at T0 
(panel A) and T1 (panel C). The observed and calculated optical properties, bext or bsca, for 
the lowest (green and black, respectively) and highest (grey and gold, respectively) RH 
channels for the CRD at T0 (panel B) and humidograph at T1 (panel D). The calculated 
traces are produced by the optical hygroscopicity model described in the main text. The 
vertical line in panel (B) denotes the time at which the APS at T0 malfunctioned. 
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Figure 4. Scatterplot comparisons between observed and calculated bext or bscat for low RH 
(A and B) and high RH (C and D) and f(RH) (E and F) values at the T0 site (left panels) 
and the T1 site (right panels). The red and dashed lines represent the best ODR linear fit to 
the data and the 1:1 line, respectively. For T0, calculated bext,low and bext,high values are 
excluded during the period over which synthetic supermicron size distributions were used.  
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Figure 5. Visualization of the optimization procedure for the supermicron and OOA 

hygroscopicities at T0 (left) and T1 (right). The 2 value is shown as a false color image 
where the redder colors are lower in value. The global minimum is indicated by the dot and 
contours are included added to accentuate the shape of the surface.  
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Figure 6. Fraction of total sampled number of supermicron particles at T0, as identified by 
the SPLAT II instrument, over the period June 17-June 25. It should be noted that the sea 
salt particle type, which is the most abundant particle type observed, includes particles with 
varying amounts of NaCl, NaNO3, and organics. The solid black outline groups the various 
Sulfate+OA particle types. (Amine Type I particles were not observed in sufficient 
abundance to be seen in the pie chart.) 
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Figure 7. Fractional contributions (left axis) of chloride (purple), organics (green) and 
nitrates (blue) in the PALMS single particle negative ion mass spectra for sea salt-
containing particles, identified by sodium in the positive ion spectra, and (right axis) the 

derived supermicron hygroscopicity parameter, super. The ion fractions do not add up to 
unity due to contributions from other ion peaks not included here.   
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