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Abstract

The influence of particulate organic material (POM) and the contribution of biomass smoke on air quality and

visibility remain a paramount issue in addressing regional haze concerns in US national parks. Measurements during

the Yosemite Aerosol Characterization Study (July–September 2002) indicated an aerosol dominated by POM (�70%

of identified species) and strongly influenced by biomass smoke. Here we report aerosol size hygroscopic growth

measurements for dry (RHo5%) aerosol diameters of 100 and 200 nm as measured with a controlled relative humidity

tandem differential mobility analyzer. Hygroscopic growth was found to be negligible for relative humidity (RH)

o�40% within the sensitivity of the method. For RH440%, particle size typically increased smoothly with RH, and

overall hygroscopic growth at high RH was low to moderate in comparison to the range of values reported in the

literature. For RH480%, both monomodal and bimodal growth profiles were observed during the study, with 200 nm

particles more often splitting into bimodal profiles (68% of cases), indicating some degree of external mixing. Trimodal

growth profiles were observed on two occasions during periods of changing meteorology and aerosol composition. For

bimodal profiles for 200 nm dry particles, particle diameter growth factors at RH ¼ 80% (DðRH ¼ 80%Þ=Do where Do

is measured at RHo5%) were 1.1170.04 and 1.2970.08 for the more and less hygroscopic modes, respectively.

Ensemble D/Do was calculated using a cubic-weighted sum of D/Do of individual modes. For 200 nm particles, average

ensemble DðRH ¼ 80%Þ=Do was 1.1570.05 and DðRH ¼ 90%Þ=Do was 1.3170.06, and were slightly large for 100 nm

particles. These growth factors are dramatically lower than those for typical ambient aerosol ionic components such as

sulfate, nitrate and sodium salts and sulfuric acid. An inverse relationship between the POM fraction of PM2.5 and

hygroscopicity was particularly evident for 200 nm particles with DðRH ¼ 80%Þ=Do approaching �1.1 as the POM/

ionic mass ratio exceeded 10. Linear correlations with several measurements of POM and select biomass smoke markers

were �0.74oRo�0.59 for 200 nm and �0.43oRo�0.25 for 100 nm particles. The limited hygroscopic growth of the

carbon dominated, biomass smoke influenced aerosol at Yosemite has important implications to assessing the role of

POM in visibility degradation in national parks.
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1. Introduction

1.1. Carbonaceous aerosol, biomass burning, and air

quality

Emissions from biomass burning are a major global

source of particulate organic material (POM), and cause

severe impacts on regional to continental scale air

quality (Wotawa and Trainer, 2000; Kreidenweis et al.,

2001). Pyrogenic aerosols are important to visibility

degradation, affect aquatic ecosystems and terrestrial

vegetation, and potentially have human health conse-

quences (McKenzie et al., 1995; Riebau and Fox, 2001;

Sullivan et al., 2001). Furthermore, smoke can have

significant effects on the global radiation budget and

climate (Penner et al., 1992; Hobbs et al., 1997).

However, the contribution of smoke from prescribed

burns and wildfires to regional haze in the US is poorly

characterized. The US Environmental Protection

Agency’s (US EPA’s) Regional Haze Rule requires

Class I areas (national parks and pristine areas) to attain

natural background visual air quality by the middle of

this century (US EPA, 1999). Biogenic, pyrogenic and

anthropogenic sources of POM, often difficult to

separate, must be considered in air quality and forest

management strategies to attain these goals.

Inland national parks of California such as Sequoia,

Joshua Tree, and Yosemite are typically among the most

air quality-impacted parks in the western US (Sullivan et

al., 2001). IMPROVE network measurements show that

fine mode particulate matter concentrations (PM2.5) and

visibility in western national parks are strongly impacted

by POM (Malm et al., 2004). Models suggest that

pyrogenic and biogenic sources dominate POM in this

region, particularly in summer (Park et al., 2003). The

Yosemite Aerosol Characterization Study (YACS, mid-

July to early September 2002) sought to characterize

aerosol chemical, physical, and optical properties and the

relationships of these parameters to visibility. Measure-

ments were made at Turtleback Dome on the south rim of

Yosemite Valley (IMPROVE monitoring site at 119.70W;

Lat 37.71N; Elevation 1615m) and are described fully in

Malm et al. (2005). Here we focus on measurements of

aerosol water uptake completed during the study.
1.2. Hygroscopicity and particulate organic material

Modeling studies show atmospheric light extinction is

critically dependent on aerosol phase water (Pilinis et al.,

1995; Malm and Kreidenweis, 1997; Malm et al., 2003).

Lab studies of water uptake by mixtures of POM with

inorganic salts generally have found a lower deliques-

cence point and lower hygroscopicity for the mixtures

than for pure salts such as NaCl and (NH4)2SO4

(Hansson et al., 1998; Prenni et al., 2003; Brooks et al.,
2004). Nonetheless, some organic species uptake water,

though the precise hygroscopic behavior of ambient

POM is poorly characterized and appears to vary with

POM source and composition (Saxena and Hildemann,

1996). This is particularly relevant for biomass smoke

aerosols, comprised of POM and often mixed with small

contributions of inorganic constituents.

As particles grow with increasing RH, separation into

‘‘more’’ and ‘‘less’’ hygroscopic modes (and sometimes

additional modes) is often observed, indicative of

externally mixed particles (Zhang et al., 1993). A review

of ambient hygroscopic growth measurements by Cock-

er et al. (2001) found a broad range of results for

diameter growth factors as a function of RH (D(RH)/

Do, where Do is the particle diameter at a low reference

RH ‘‘dry’’ conditions). Typically, though, there was a

less hygroscopic mode with D(high RH)/Do of 1– 1.4

and a more hygroscopic mode in the range of 1.1–1.8 for

high RH in the range of 80–90%, depending on the

study. This same study, based in Pasadena, California,

also found enhanced hygroscopic growth during periods

influenced by nearby forest fires (Cocker et al., 2001).

Aircraft measurements of smoke in South America have

shown nearly hygrophobic aerosol in fresh smoke and

modest enhancements in hygroscopicity as the smoke

ages (Kotchenruther and Hobbs, 1998). Likewise,

models have invoked diverse assumptions ranging from

the suppression of inorganic water uptake by the

presence of POM to POM hygroscopicity equaling that

of (NH
4
)

2
SO

4
(Saxena et al., 1995; Iacobellis et al., 1999;

Malm and Day, 2001; Markowicz et al., 2003). The

hygroscopic behavior of POM and biomass smoke are

uncertain though key determinants of visibility impacts

in scenic areas and potential climate influences.
2. Experimental methods

The results presented here are derived from measure-

ments from a hygroscopic tandem differential mobility

analyzer (HTDMA) (Rader and McMurry, 1986). The

instrument includes two electrostatic classifiers plumbed

in series (DMA, TSI Inc. Model 3071), each interfaced to

a condensation particle counter (CPC, TSI Inc. Model

3010-S). It is described below and in more detail in

Brechtel and Kreidenweis (2000) and Prenni et al. (2003)

(Fig. 1). Each �5-h measurement cycle with the instru-

ment (2 dry diameters and 7–8 RH set points) typically

occurred during the daytime hours after winds shifted to

upslope (10:00–18:00 US Pacific Standard Time). Custom

software (National Instruments, Inc. Labview) was used

for instrument control and data acquisition. Ambient air

was sampled through a rooftop inlet, exited a desiccant

drier at RH ¼ 11%72%, and is reduced to RH ¼

1.7%70.3% by the exit of DMA1 (Fig. 1).
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Fig. 1. Flow diagram of the hygroscopic tandem differential mobility analyzer (HTDMA).
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The dry monodisperse aerosol exiting DMA1 was

split between a CPC and a humidification system. The

humidifier used a water vapor permeable Nafion

membrane with an RH controlled purge flow (MD-

110-48SS, Permapure, Inc.). The aerosol sample resi-

dence time downstream of the humidifier before entering

DMA2 was approx. 2.5 sec. The humidity controlled

purge flow was subsequently used as the sheath flow for

the second, humidified DMA2 to assure constant RH

through DMA2. Particle losses in the plumbing were

corrected for and ranged from 9% for the largest size

measured here (340 nm) to 13% for the smallest size

measured here (100 nm). Both DMAs were operated at

sheath to sample flow ratios of 10–1.

Growth factors at a specified RH, D(RH)/Do (where

Do is the ‘‘dry’’ diameter measured at RH o5% here),

were determined using the TDMAFIT program (Zhou

et al., 2002) as described by Stolzenburg and McMurry

(1988). In cases with multiple modes, an ensemble D/Do

was calculated from the D/Do for individual modes

according to ðD=DoÞ
3
ens ¼ x1ðD=DoÞ

3
1 þ ð1 � x1ÞðD=DoÞ

3
2;

where the subscripts refer to the mode and x1 is the

number fraction in mode 1. This ensemble was used to

specify qualitatively whether the ‘‘more’’ or ‘‘less’’

hygroscopic mode dominated in bimodal profiles. A

step change in D/Do between RH ¼ 70% and 80% set

points was interpreted as qualitative evidence of

deliquescence of one or more aerosol components.
3. Results and discussion

3.1. Quality control

Previous investigators have found uncertainties in

particle sizing using DMAs of 1–5% of the measured

diameter (McMurry and Stoltzenburg, 1989; Zhang et

al., 1993; Brechtel and Kreidenweis, 2000; Brooks et al.,

2004). One measure of the uncertainty derives from the

DMA2 measured growth factor of the quasi-monodis-
persion exiting DMA1. The growth factor measured

without sample conditioning between DMA1 and

DMA2 with ambient aerosol was DDMA2/DDMA1

(RHo5%) ¼ 0.99770.006 (n ¼ 91 removing one out-

lier) and ranged from 0.986 to 1.014. Similarly, based on

propagated uncertainties in the flow rate, voltage,

temperature and pressure, the overall uncertainty in

D/Do is taken here as 70.02 in absolute units. Flows

were checked (Sensidyne Inc. Gilibrator) and adjusted

before each experiment with a coefficient of variation

(standard deviation divided by mean) of 0.012 for the

smallest flow (0.5 lpm) and less for the larger flows (1, 5,

15 lpm).

RH uncertainty is calculated from the difference

between collocated measurements of the RH on the

sheath and polydisperse flows of DMA2. A regression

plot of RH sheath vs. RH sample of DMA2 gives a slope

of 0.98, and offset of 0.5% and R2of 0.998. The average

magnitude of the difference in RH measurements for the

sample and sheath flows in DMA2 (i.e. absolute value of

sample2-sheath2) was 1.1870.61 in % RH units for

n ¼ 375 samples (removing 7 outliers). Taking the

mean7two standard deviations gives an uncertainty of

72.4% in % RH units. An average of the two sensors

will yield a lower uncertainty, and the overall uncer-

tainty in RH measurement adopted for these results is

72%. This is similar to the manufacturer’s rated

accuracy of 71.5%.

RH and temperature were measured at several

locations within the instrument with six recently

manufacturer-calibrated capacitive-type RH sensors

(Rotronic, Inc. Model Hygroclip S). The entire appara-

tus was in a temperature-controlled enclosure that was

constantly mixed with fans to keep the system as

isothermal as possible. Most of the temperature

variability was due to diurnal and instrumentation

heating that the trailer climate control could not

overcome. The measurements occurred at average T ¼

31:6 � 2:0 1C: Based on 12 sensors, the difference

between the maximum and minimum temperature point

in the entire system was 1.370.7 1C. Temperature



ARTICLE IN PRESS

1.0

1.2

1.4

1.6

1.8

2.0

0 10 20 30 40 50 60 70 80 90 100

RH (%)

D
 / 

D
o

100 nm Ammonium Sulfate Measured
100 nm Ammonium Sulfate Theory

Fig. 2. Comparison of field measured and predicted values for

D/Do (RH) for 100 nm dry diameter ammonium sulfate

particles. Error bars represent uncertainty of 70.02 for D/Do

and 72% in RH.

C.M. Carrico et al. / Atmospheric Environment 39 (2005) 1393–14041396
uniformity assures a minimization of unintended RH

gradients through the sample flow. Based on tempera-

ture measurements at the inlet and outlet of DMA2, the

absolute value of the difference in inlet and outlet

temperatures was 0.12+0.11 1C (n ¼ 205 samples, re-

moving 7 outliers) which corresponds to an RH gradient

through DMA2 of �0.6% at RH ¼ 90%.

System performance was tested during YACS by

measuring the hygroscopic growth of aerosol with

known hygroscopic properties. Measurement of labora-

tory generated test aerosol was completed on 29 August

2002, approximately 1 week before the end of the

experiment. Test aerosol was generated with an atomizer

(TSI, Inc., Model 9302A) using a pure (NH4)2SO4

solution. Measurement with 100 nm pure (NH4)2SO4

shows agreement with modeled growth factors within

several percent using thermodynamic data from Tang

and Munkelwitz (1994) (Fig. 2). Measured D/Do at

RH ¼ 80.270.9% (n ¼ 5) and RH ¼ 90.2% (n ¼ 1)

were 1.4470.01 and 1.72, respectively, compared with

theoretical values of 1.47 and 1.70, respectively, similar

to the 0.02 estimated uncertainty. Measured deliques-

cence occurred over 77%oRHo80% due to slight RH

gradients within the humidifier, similar to Prenni et al.

(2003) and in agreement with Tang and Munkelwitz

(1993) who report 79% at T ¼ 30 1C:
3.2. Ambient aerosol chemical composition and

meteorological context

Prevailing meteorology was hot and dry during the

entire study. Experiment average (n ¼ 1248 hourly

averages) temperature and relative humidity (RH) were

21.174.6 1C and 33711% while daytime averages

during which these measurements occurred were

25.073.4 1C and 2679% (n ¼ 368 hourly averages
from 1000–1800 local), respectively. Aside from light

precipitation on the first and the last days of YACS,

conditions were dry. Generally, upslope westerly flow

each morning initiated transport of hazy boundary-layer

air from the valleys below, and winds calmed or changed

to easterlies in the evening (Malm et al., 2005).

Summer 2002 featured poor air quality in central

California and Yosemite and was an active fire season in

the US west. (http://www.arb.ca.gov/homepage.htm)

(Malm et al., 2005). Over one hundred thousand acres

burned in Oregon and California during YACS, and a

number of smaller local fires burned within the park

(http://www.nifc.gov/fireinfo/2002/summary.html). Sa-

tellite imagery (MODIS; http://:visibleearth.nasa.gov)

suggests smoke from these fires affected Yosemite.

Chemical analyses of samples from YACS showed

POM to be the dominant contributor to PM2.5, ranging

from 1 to �20mg m�3 and on average representing

�70% of identified species (OC to POM multiplier of

1.8). The remaining PM2.5 mass was primarily SO4
2� and

NH4
+ (Malm et al., 2005). Based on IMPROVE network

data, average reconstructed PM2.5 at Yosemite peaks

during the summer (�8 mgm�3 during JJA of 1996–1999)

with 450% contribution from POM (OC to POM

multiplier of 1.8) (Malm et al., 2005).
3.3. Measurements of ambient aerosol hygroscopic

growth at yosemite during YACS

Typically, D/Do profiles as a function of RH showed

measurable hygroscopic growth initiated at RH�40%.

On average, the Yosemite aerosol followed a smooth

growth profile (Fig. 3). Hygroscopic growth for

RH480% was much smaller than that for pure

ammonium sulfate (Fig. 3, Table 1). Clear evidence of

deliquescence was apparent for a minority of the

measurements, 33% and 24% of 100 and 200 nm

profiles, respectively. When deliquescence was apparent,

it typically occurred at RH ¼ 80% and often featured a

split into two modes of ‘‘more’’ and ‘‘less’’ hygroscopic

populations. It should be reiterated that here the

determination of deliquescence is strictly qualitative

due to the limited RH resolution of the measurement.

Composition measurements during YACS indicated

that over 80% of the ionic composition of PM2.5 at

Yosemite consisted of sulfate, ammonium and nitrate, in

order of importance (Malm et al., 2005). Polluted

aerosols whose ionic composition is dominated by

ammoniated sulfates typically demonstrate deliques-

cence in the range 70%oRHo80% (Carrico et al.,

2003), similar to the RH range where deliquescence, if

any evidence was observed of it, during YACS.

Overall, observed hygroscopic properties of 100 and

200 nm particles show similar magnitude and structure

on average amongst both modes 1 and 2 and the

http://www.arb.ca.gov/homepage.htm
http://www.nifc.gov/fireinfo/2002/summary.html
http://www:visibleearth.nasa.gov
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ensemble (Fig. 3, Table 1). However, the prevalence of

bimodal profiles was different comparing 100 and

200 nm particles (Table 2). For low RH o80%, clear

separation of ‘‘more’’ and ‘‘less’’ hygroscopic modes was

not typically apparent. Emerging for RH480%, bimo-

dal growth profiles were observed with 27% and 68% of

the measurements for 100 and 200 nm particles, respec-

tively. Among the bimodal cases for 200 nm particles,

the less hygroscopic mode typically dominated the

hygroscopic growth characteristics (84% of cases),

based on the ensemble weighting described in the

methods. The more hygroscopic mode of particles

dominated 100 nm bimodal profiles (58% of the cases).

This shows external mixing of the more and less

hygroscopic components. Nevertheless, it should be

noted that the less hygroscopic mode did grow, while the

more hygroscopic mode was less typically less hygro-

scopic than (NH4)2SO4 suggesting the more and less

hygroscopic modes were not populations of single

component chemically ‘‘pure’’ constituents confirmed

from individual particle analysis (Hand et al., 2005).
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Table 2

Summary of aerosol hygroscopic properties during the Yosemite Aerosol Characterization Study in summer 2002

Dry D (nm) N Monomodal Bimodal Dominant mode Deliquescence evidence

100 45 33 (73% of cases) 12 (27%) 7-More hygroscopic (58%) 15 (33%)

200 47 15 (32% of cases) 32 (68%) 27-Less hygroscopic (84%) 11 (24%)

The number and percentage of measurements in each category (monomodal vs. bimodal, the dominant mode for bimodal profiles) is

also given.
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Fig. 4. Diameter growth factors (D/Do (RH)) vs. RH on 2

September (DOY 245) when a trimodal growth profile was

observed for (a) 100 nm dry particles and (b) 200 nm dry

particles, and (c) on 18 August (DOY 230) when a trimodal

growth profile was observed for 100 nm particles. Uncertainties

are shown as error bars.
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Based on the Kelvin effect alone, 100 nm particles

would be expected to have slightly lower D/Do (e.g., 1.69

vs. 1.71 at RH ¼ 90% for pure (NH4)2SO4). On average,

growth factor values did not differ significantly comparing

100 and 200nm particles (Fig. 3). For 200nm particles,

average DðRH ¼ 80%Þ=Do values for the less and more

hygroscopic modes were 1.1170.04 and 1.2970.08,

respectively, and similar for 100 nm particles (Table 1).

D/Do at low RH and for respective modes at high RH

comparing 100 and 200nm particles were not different at

any confidence level above 90% based on the t statistic

(0.4 and 0.3 for less and more hygroscopic modes,

respectively). However, average ensemble DðRH ¼

80%Þ=Do were 1.15 and 1.18 for 200 and 100nm particles,

respectively, and the t statistic (3.0) shows they were

different from 499% confidence. This is attributed to the

relative number of particles in the more or less hygro-

scopic modes rather than sharply contrasting composition

differences between 100 and 200nm particles.

Trimodal profiles of D/Do were observed on 18

August and 2 September 2002 (DOY 230 and 245) when

a shift was occurring from overnight stagnant or

downslope flow to daytime upslope westerlies (Fig. 4).

Likely a result of mixing of distinct air masses, growth

profiles for 100 and 200 nm particles on 2 September

featured modes with DðRH ¼ 90%Þ=Do ¼ 1:6; 1:3; and

1.05. These three D/Do values are similar to that of pure

(NH4)2SO4, the experiment-average ensemble D/Do

during YACS, and that of a nearly hygrophobic mode,

respectively (Fig. 4a, b). Though the data were some-

what noisy due to the low counting statistics during this

relatively clean period, the trimodal profile was present

for all measurements with RH480% and for both dry

sizes. Likewise on 18 August 2002 when similar

meteorological changes were occurring, a trimodal

distribution with similar modes was seen for 100 nm

particles (Fig. 4c). The absence of a strongly hygroscopic

mode for 200 nm particles is attributed to the dominance

of aged smoke particles with low hygroscopicity in this

size range as is discussed in greater depth in the next

section.

Average ambient RH during the study was low

(33711% overall and 2679% during daytime), with

RH exceeding 70% only twice (both at night). Thus,

ambient aerosol water content was likely quite small,

and the average expected D(RH ¼ ambient)/Do is
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estimated as below detection limits of the measurement

(1.02), indicating a limited role of aerosol phase water in

visibility degradation at Yosemite during summer. Two

qualifications must be made to the above, though,

regarding (1) the ambient hydration state of the particles

and (2) the size range of particles most important to

visibility impacts. Under the assumption that the

measured D/Do were, as intended, on the lower

deliquescent branch of the hysteresis loop, the existence

of the ambient aerosol on the metastable branch of the

hysteresis loop may result in larger ambient aerosol

phase water. Conversely, even at the low RH experi-

enced by the particles (RHo5%) as they were dried

before rehumidification, the particles may not have

completely dried as has been found for some organic
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qualitative indicator for the observation of deliquescent hygroscopic
compounds and NH4NO3 in some experiments. Thus

the ‘‘dry’’ diameters Do to which the D/Do growth

factors were normalized may have retained some very

small quantity of aerosol phase water. Secondly, the

measurements presented here are for discrete sizes of 100

and 200 nm that represent only a subset of the entire

population, and a direct extrapolation to the hygro-

scopic growth properties at other sizes or in the bulk

aerosol is not possible.

3.4. Relationship of hygroscopicity to chemical

composition and smoke influence

Observed hygroscopic growth, considerably lower
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containing sulfate, nitrate and chloride, is now examined

in relation to aerosol chemical composition. Time series

of DðRH ¼ 80%Þ=Do for 200 nm dry particles are

shown in Fig. 5 along with an indicator of aerosol

chemical composition, the carbon mass fraction. D/Do

is given independently for the less (Mode 1) and more

(Mode 2) hygroscopic aerosol as well as an ensemble

based on cubic weighted combination of modes as

described in the methods. Also indicated qualitatively on

the top and bottom margins of the time series is whether

the aerosol hygroscopic growth showed strongly deli-

quescent features. Overall, the middle of August (DOY

225–230) featured the largest POM contribution. It also

featured the lowest DðRH ¼ 80%Þ=Do; and typically

monotonic, rather than deliquescent growth. These

measurements are consistent with laboratory experi-

ments on mixtures of salts with organic species that

show a lowering of hygroscopic growth and the

smoothing of clear deliquescence points with increasing

organic fraction (Hansson et al., 1998; Ansari and

Pandis, 2000; Prenni et al., 2003).
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Fig. 6. Snapshot of ‘‘dry’’ number and cross-sectional area

distributions during YACS as a function of particle diameter

during (a) a smoky period (17 August 2002 DOY 229

1200–1400PST) and (b) a relatively clean period (4 September

2002 DOY 247 1200-1400PST). Number distributions are on

the same scale but the cross-sectional area distribution scale is a

factor of 10 higher during the smoky period in (a).
Although on average the hygroscopic properties of

100 and 200 nm particles are quite similar, during select

periods notable differences were observed. Changes in

the dry size distribution during the middle of August

indicated a shift to a bimodal number distribution

featuring an accumulation mode with Dg,v�0.4 um and

thought to be dominated by aged smoke (McMeeking et

al., 2005; Malm et al., 2005). During this period, 100 and

200 nm particles resided in distinct modes of the dry size

distribution (Fig. 6a), where 200 nm particles were a part

of an accumulation mode arriving at Yosemite and

associated with aged smoke (McMeeking et al., 2005).

Hygroscopic growth of the 200 nm particles was

observed to be considerably lower than that for

100 nm particles (Fig. 7a). In contrast, during the

relatively ‘‘clean’’ period on 4 September 2002, both

100 nm and 200 nm particles showed similar hygroscopic

growth properties, both with evidence of deliquescence

and bimodality (Fig. 7b). Dry size distributions during

such ‘‘clean’’ periods often featured a single mode

encompassing 100 and 200 nm particles and at times the

appearance of an ultrafine mode Dp�50 nm as shown in
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Fig. 7. Growth curves D/Do (RH) for 100 and 200 nm particles

during YACS during (a) the period of strongest smoke impact

17 August 2002 (DOY 229) and (b) during a relatively clean

period 4 September 2002 (DOY 247). Ensemble D/Do shown

for 4 September is calculated as described in the methods by a

cubic weighting of D/Do of individual modes that emerged for

RH480%.
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the case of Fig. 7b. Growth curves during the ‘‘clean’’

period on 4 September showed stronger hygroscopicity

for both sizes. In particular, 200 nm particles showed a

sharp contrast between the two periods with DðRH ¼

90%Þ=Do increasing from 1.2 (smoky period) to 1.5

(‘‘clean’’ period).

Time series comparisons of ensemble DðRH ¼

80%Þ=Do and chemical composition show a link

between POM contribution and decreasing hygroscopi-

city (Fig. 5). A comparison of ensemble DðRH ¼

80%Þ=Do vs. the mass ratio of POM to total inorganics

(primarily SO4
2�, NH4

+, and NO3
�) shows decreasing

hygroscopicity with increasing POM fraction (Fig. 8).

As the POM/ionic mass ratio exceeded 10, DðRH ¼

80%Þ=Do approached 1.1. It should be noted that POM

was a large fraction for most periods of HTDMA

measurements. Only on DOY 247 (4 September 2002)

was the ionic fraction greater than the POM fraction

and consequently this day featured the largest D/Do

measured during YACS (Fig. 5). Concurrent RH-

controlled light scattering measurements likewise

showed lower hygroscopic growth during POM-domi-

nated periods (Malm et al., 2005).

A number of markers can be examined in relation to

the hygroscopicity to explore the influence of biomass

smoke. The difference in UV (350 nm) and near IR

(880 nm) light absorption as measured with a multi-

wavelength aethalometer (UV-IR, expressed in terms of

the BC measurement unit of mg m�3) is a qualitative

indicator for biomass smoke. This is thought to be due

to the enhanced UV absorption associated with POM

components that are found in woodsmoke such as

aromatic compounds [www.mageesci.com]. Biomass

burning also releases a large amount of potassium rich

submicrometer particles and thus the presence of non-

seasalt soluble K+ is also a smoke marker (Ma et al.,

2003). From these markers, the large peak in POM

during mid-August also featured a strong contribution

from biomass smoke (Fig. 5), which from transport

evidence was associated with massive regional wildfires

(Malm et al., 2005; McMeeking et al., 2005).

Comparison of UV–IR averaged over the periods of

D/Do measurements shows a relationship similar to the

POM/ionic mass ratio (Fig. 8c, d). A higher POM

fraction and periods of smoke influence (often coinciding

during YACS) are both associated with decreasing

hygroscopicity, particularly for 200 nm particles (Fig.

8). Ensemble DðRH ¼ 80%Þ=Do gives linear correlations

with POM, POM/ions, aethalometer UV–IR, and

soluble K+ of �0.74oRo�0.59 for 200nm and

�0.49oRo�0.25 for 100 nm particles. Stronger rela-

tionships for 200 nm and a dominant less hygroscopic

mode are likely related to a greater POM fraction in this

size range (Fig. 8, Table 1). Typically, the dry size

distribution showed dominance of particles with

Dp�200–400 nm during smoke impacted periods (Fig. 6).
These findings are consistent with previous studies of

water uptake of carbon-dominated aerosol. A study of

ambient aerosol water uptake in the southeastern US

inferred POM water uptake beginning at lower RH than

ammoniated salts, though less strong hygroscopicity at

RH480% (Dick et al., 2000). The study by Dick et al.

(2000) observed DðRH ¼ 80%Þ=Do of 1.25–1.45 for

ambient aerosols and derived water uptake estimates by

the POM fraction equivalent to growth factors of

DðRH ¼ 80%Þ=Do ¼ 1:15 to 1:25: Similarly, ambient

biogenic aerosols dominated by POM in Brazil had

monomodal profiles and DðRH ¼ 90%Þ=Do of

1.16–1.32 while aerosols in forested Canadian sites near

Vancouver showed both monomodal and bimodal

hygroscopic growth profiles with DðRH ¼ 80%Þ=Do of

1.07–1.29 (Zhou et al., 2002; Aklilu and Mozurkewich,

2004). However, the POM composition may have been

considerably different from this study as the previous

studies featured a strong biogenic component not

associated with smoke. For context, ambient marine

boundary layer aerosols show strong hygroscopicity

with typical DðRH ¼ 90%Þ=Do of 2–2.3 for sea salt

particles and 1.6-1.8 for non-sea-salt SO4
2� (Berg et al.,

1998). Measurements in urban areas typically show a

nearly hygrophobic mode (soot) and a strongly hygro-

scopic mode (McMurry and Stoltzenburg, 1989; Cocker

et al., 2001). Continental polluted aerosols have a typical

DðRH ¼ 90%Þ=Do of 1–1.3 and 1.4–1.8 for the less and

more hygroscopic modes (Swietlicki et al., 2000).
4. Summary and conclusions

Ambient aerosol composition during the Yosemite

Aerosol Characterization Study in 2002 was dominated

by POM (�70% of identified species). Chemical markers

and transport patterns both suggested strong contribu-

tions to POM from pyrogenic and biogenic sources and

little anthropogenic influence. Biomass smoke greatly

affected aerosol physiochemical properties including

water uptake during this study.

Measurements of particle diameter growth factors

were performed with a humidified tandem differential

mobility analyzer. Measurable water uptake began at

intermediate RH (40–70%) with average DðRH ¼

40%; 60%and70%Þ=Do ¼ 1:01; 1:03; and 1.06, respec-

tively, for 200 nm particles. Beyond RH ¼ 80%, the

particles continued to take up water though relatively

weakly with ensemble DðRH ¼ 80%and90%Þ=Do of

1.1570.05 and 1.3170.06, respectively, for 200 nm

particles. Slightly larger D/Do were observed for

100 nm particles. Observed hygroscopic growth for the

Yosemite POM-dominated aerosol was much lower

than that for salts such as (NH4)2SO4 and NaCl that

typically comprise ambient aerosols in polluted and

http://www.mageesci.com
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marine environments. D/Do at the average ambient RH

of 33% was estimated to be below the detection limit

(1.02) for the sizes considered here, suggesting a very

small contribution by aerosol phase water to light

extinction for this site and conditions.

Both monomodal and bimodal growth profiles were

observed with bimodal dominating the 200nm particles

(68%). Separation into more and less hygroscopic modes

occurred near RH ¼ 80%. DðRH ¼ 80%Þ=Do were

1.2970.08 and 1.1170.04 for more and less hygroscopic

modes for 200 nm particles. Water uptake by 100 and

200nm particles was overall very similar, though

differences in the fraction of particles in less and more

hygroscopic modes lead to a lower ensemble D/Do for

200nm. Trimodal profiles with modes nearly as hygro-

scopic as pure (NH4)2SO4, nearly hygrophobic, and

similar to the experiment average hygroscopicity were

observed twice during changing aerosol composition.

A clear relationship between increasing POM fraction

and decreasing hygroscopicity was observed, particu-

larly for 200 nm particles with DðRH ¼ 80%Þ=Do ¼ 1:1
for ratios of POM/ionic mass exceeding 10. Smoke

markers (K+ and UV light absorption) showed similar
inverse relationships, though less strong for 100 nm

particles. The fraction of fine aerosol mass attributable

to POM, independent of source, was the most important

factor in reducing the hygroscopic growth. The results

contribute to addressing important gaps in the knowl-

edge of aerosol hygroscopic properties. This information

is sparse in western US national parks that are often

dominated by POM and strongly smoke impacted.

Taken as a whole, the results suggest that aerosol phase

water is a much smaller contributor to atmospheric

extinction in POM dominated, smoke-impacted and low

humidity environments, as compared to urban-indus-

trial or marine environments. Such results have im-

portant ramifications to visibility impacts in national

parks and radiative forcing of climate.
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