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Abstract

Observations of aerosol physical, chemical, and optical properties made at 38 locations in Washington, Oregon, and California

are presented to show the regional-scale influence of wildfire smoke during the summer of 2002. Aerosol measurements made

during an intensive field campaign conducted in July, August, and September 2002 in Yosemite National Park indicated that smoke-

impacted aerosols were present at the park during frequent haze episodes. In addition, backward trajectory analyses showed that

large-scale meteorological conditions during the study were dominated by transport from western and southern Oregon, a region

with high fire activity during the summer of 2002. Observations of aerosol properties at the Yosemite NP site were remarkably

similar, with similar temporal variations, to data from a second monitoring site at Blodgett Forest Research Station in the Sierra

Nevada, approximately 150 km to the NNW. Further similarities to the temporal changes in aerosol properties as measured by

monitoring networks with numerous sites in California and Oregon confirmed the regional nature of the haze, which had elevated

fine aerosol particle mass concentrations compared with typical summertime average concentrations. The observations suggest that

emissions from wild fires can have strong and sustained regional impacts on aerosol concentrations, air quality, and visibility.
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1. Introduction

Aerosol particles play important roles in atmospheric

chemical cycles, in visibility degradation, and in the

Earth’s radiative balance. Although ionic species are

often major components of the atmospheric aerosol,
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recent observations have shown that carbonaceous

compounds are ubiquitous and sometimes dominate the

submicron aerosol mass (Malm et al., 2004; Putaud

et al., 2004; Saxena and Hildemann, 1996; Rogge et al.,

1993; Bevington and Robinson, 1992; Andreae, 1983).

In some regions and seasons, biomass burning can be

the major source of particulate matter, and carbonac-

eous aerosols are the single largest component of

biomass burning aerosols (Formenti et al., 2003;

Cachier et al., 1995; Artaxo et al., 1988; Andreae,

1983). Bond et al. (2004) estimate the relative

contributions of fossil fuel, biofuel, and open burning
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to global combustion-derived organic carbon emissions

as 7%, 19%, and 74%, respectively. Niemi et al. (2005)

showed that elevated aerosol concentration episodes in

Finland were due in part to transport from fire emissions

in Russia and eastern Europe. In the western United

States, forest fires have been shown to contribute to

elevated aerosol organic carbon (OC) and light-

absorbing carbon (LAC) concentrations, which are in

turn associated with decreased visibility (Ames et al.,

2004; Malm et al., 2004).

An improved understanding of the role of fire

emissions, from controlled burns as well as from

wildfires, is an important component of strategies for

compliance with the Regional Haze Rule (http://

www.epa.gov/oar/visibility/program.html), especially

in the western U.S. (Watson, 2002). As United States

fire management policies evolve, it is necessary to

consider the consequences of increased amounts of

controlled burning on air quality and visibility in

protected areas. Further, accurate estimates of the

regional effects of emissions from wildfires are required

to determine the contributions of wildfires to natural

visibility conditions, a benchmark for measuring

progress under the Regional Haze Rule.

To illustrate typical levels of and seasonal variations

in carbonaceous aerosols in the western U.S., Fig. 1

shows organic mass concentrations in fine particulate

matter measured for the period 1988–2004 at a

representative western site, Yosemite National Park

(YNP), California. The data were obtained from the

Interagency Monitoring of Protected Visual Environ-

ments (IMPROVE) network database. Organic mass

was calculated by multiplying measured organic carbon

concentrations by a factor of 1.8, which Malm et al.
Fig. 1. Monthly averaged PM2.5 organic mass (organic carbon � 1.8) conce

concentrations for 2002 measured at the Turtleback Dome IMPROVE site
(2005) showed gave good agreement between recon-

structed and measured fine particle mass at the park

during the study. Averaged organic mass concentrations

are lowest during the winter and spring months,

reaching higher concentrations during the late summer

and early fall. This seasonality is reflected in most

forested, temperate sites in the network (Ames et al.,

2004; Malm et al., 2004), and can be attributed to

increased emissions of biogenic aerosol precursors

during the summertime and enhanced photochemistry

that is a key factor in the generation of secondary

organic aerosols (SOA). Fig. 1 also shows that the

monthly variability of organic aerosol mass concentra-

tions is much lower during the winter and spring than

for the summer and fall seasons. The higher variability

seen during the summer months, and the extreme

concentrations observed in certain years, are likely due

to wildfire activity, itself highly variable from year to

year as well as within each fire season.

The Yosemite Aerosol Characterization Study was

conducted in summer 2002 in YNP to provide a better

description of the relative roles of wildfire, biogenic,

and anthropogenic emissions in summertime visibility

degradation in the western United States. Fig. 1 shows

that OC concentrations during 2002 were similar to

previous years. The study was focused on obtaining

detailed measurements of the physical, chemical, and

optical properties of carbonaceous aerosols (Carrico

et al., 2005; Engling et al., 2005; Hand et al., 2005;

Malm et al., 2005; McMeeking et al., 2005a,b; Bench

and Herckes, 2004). During the same period, intensive

aerosol measurements were also made at another site in

the western Sierra Nevada near the University of

California Blodgett Forest Research Station (BFRS).
ntrations and standard deviations for the time period 1988–2004 and

in Yosemite National Park.
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Although BFRS is located approximately 150 km NNW

of YNP, the aerosol data from the two sites show

remarkable coherence in both the magnitudes of the

measured properties and in their temporal variability,

suggesting the haze was present on a large, i.e. regional

scale. Several massive wild fires were active in

California and Oregon during the study. We use

meteorological and in situ aerosol and optical data to

demonstrate that emissions from these fires contributed

to haze observed not only in the Sierra Nevada, but on a

scale encompassing a large area of Oregon and

California.
Fig. 2. Locations of the Turtleback Dome (Yosemite NP), Blodgett Forest, AE

greater than 200 ha in size as reported by the National Interagency Fire Cent

period 10 July 2002–5 September 2002 are also shown. Particularly large fires

Fire) and just east of Corcoran, CA near Sequoia NP (McNally Fire).
2. Methods

2.1. Aerosol measurement sites and data

The data presented in this paper were collected at 38

sites from 15 July to 5 September 2002 (Fig. 2). These

locations include high time resolution data collected

during two different intensive summer aerosol sam-

pling studies located in YNP and BFRS, routine aerosol

and visibility data from the IMPROVE network, and

aerosol properties calculated from cloud-screened

level 2.0 sun photometer data from the Aerosol Robotic
RONET, and IMPROVE measurement sites. The locations of wildfires

er (NIFC) occurring in Washington, Oregon, and California during the

occurred on the western side of the Oregon–California border (Biscuit
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Table 1

Summary of aerosol measurements and instrumentation

Measurement Turtleback

Dome, Yosemite

Blodgett

Forest

IMPROVE Fresno Corcoran 2.5 mm

cutpoint?

Light absorbing

carbon

2-Channel

aethalometer (0.1)

2-Channel

aethalometer

Thermal optical

reflectance

(TOR) method

(0.072)

– – No

Potassium (ion for

URG measurement)

URG (0.005),

IMPROVE

– PIXE elemental

analysis

(0.0004)

– – Yes

Organic carbon TOR OC/EC (0.33) – TOR EC/OC

(0.33)

– – Yes

Size distributions DMPS,

OPC (38 nm–3 mm)

DMPS

(10–400 nm)

– AERONET

sun photometer

AERONET

sun photometer

–

Aerosol light

scattering (bsp)

Nephelometer

(Optec NGN-2

ambient)

Nephelometer

(Optec NGN-2

ambient)

– Nephelometer – No

Levels of detection are given in italic for selected measurements in mg m�3. IMPROVE levels of detection are taken from the average minimum

detection limit (MDL) reported by IMPROVE during the study. The URG MDL is given by Lee (personal communication). Aethalometer detection

limit is given by the instrument website (http://www.mageesci.com; Magee Scientific, Berkeley, California).
Network (AERONET) (Holben et al., 1998). Detailed

descriptions of the measurements, including data

quality assurance and quality control, are given in

references cited for each measurement below. Here we

provide a brief description of each measurement.

Table 1 shows the aerosol characterization measure-

ments collected at each location that will be discussed

in this work. The measurement sites and instruments

are described in the same order as in the table:

Turtleback Dome, Yosemite, Blodgett Forest,

IMPROVE, Fresno, and Corcoran.

Detailed measurements of aerosol optical, chemical,

and physical properties were made at Turtleback Dome,

Yosemite (37.718N, 119.78W, 1615 m elevation) in

YNP, which is an elevated site located at the western end

of Yosemite Valley. The park is located approximately

200 km east of San Francisco, California. High-volume

filter measurements were made in the same area as the

standard IMPROVE sampling location (Malm et al.,

2004; Malm and Sisler, 2000; Malm et al., 1994). The

remaining instrumentation was housed in several

trailers located approximately 100 m from the

IMPROVE sampling site. The trailers contained

instruments for measuring aerosol physical, hygro-

scopic, chemical and optical properties, and were also

used for analytical work on-site. An additional set of

IMPROVE samplers and a filter sampling system (URG

Inc., Chapel Hill, NC) (Lee et al., 2004) were located on

a scaffold next to the instrument trailers. Malm et al.

(2005) provide a detailed discussion of the measure-

ment systems, intercomparisons between redundant
measurements, and findings with regard to aerosol

properties.

Light absorbing carbon (LAC) was measured using a

two-wavelength aethalometer (l = 350 and 880 nm;

Magee Scientific, Berkeley, CA). LAC is operationally

defined as the component of the aerosol carbon, which

attenuates a light beam operating at the near IR 880 nm

wavelength. The UV channel of the instrument is

sensitive to certain strongly UV-absorbing organic

compounds present in wood smoke, and thus a

divergence between the readings from the two

wavelength channels, after a wavelength-dependent

correction, is indicative of a wood-smoke-impacted

aerosol (Allen et al., 2004). Elevated aerosol water-

soluble potassium (K+) concentrations have been used

as indicators of fire emissions in a number of studies

(Niemi et al., 2004; Khalil and Rasmussen, 2003; Hays

et al., 2002; Andreae et al., 1988; Andreae, 1983).

Potassium and other ionic species were measured by ion

chromatography from samples collected on filters. The

URG system consisted of a teflon primary collection

filter with a nylon backup filter to collect nitrate

escaping the primary filter. Two denuders were used to

collect gas phase ammonia (NH3) and nitric acid

(HNO3) concentrations (Lee et al., 2004) and an

additional backup denuder was included to capture any

ammonia volatilizing from particles collected on the

teflon filter. Organic carbon concentrations were

determined from PM2.5 (particulate mass of particles

having aerodynamic diameters less than 2.5 mm)

collected with quartz fiber filters, and then analyzed

mailto:sonia@atmos.colostate.edu
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with the thermal optical reflectance (TOR) method

(Chow et al., 1993). Organic carbon concentrations

were corrected for positive absorption artifacts using

data from secondary filters collected at the routine

Yosemite IMPROVE site during the study. The median

value from the secondary filters was subtracted from the

measured value on the primary filter. No corrections

were made to account for possible negative artifacts

arising from volatilization of collected organic parti-

cles. Dry aerosol size distributions were measured using

three different instruments, which, taken together

sampled the size range 0.035 < Dp < 2.5 mm. A

differential mobility particle sizer (DMPS; TSI 3081

Differential Mobility Analyzer with TSI 3010 Con-

densation Particle Counter, TSI Inc., Minneapolis, MN)

classified particles by their physical size from 0.035 to

0.85 mm. An optical particle counter (OPC; LASAIR

1003, Particle Measurement Systems, Boulder, CO)

sized particles based on their optical size over the range

of 0.1–2 mm. An aerodynamic particle sizer (TSI 3320)

sized particles based on their aerodynamic diameter

from approximately 0.5 to 20 mm. An iterative

alignment method was used to merge the DMPS and

OPC distributions and retrieve the particle refractive

index (McMeeking et al., 2005a; Hand and Kreiden-

weis, 2002). Ambient light scattering coefficients were

determined at 550 nm using an NGN-2 (Optec Inc.,

Lowell, MI) open-air nephelometer (Molenar, 1997).

Measurements of the aerosol light scattering

coefficient, size distribution, and black carbon con-

centration were performed at BFRS using instruments

similar to those employed in YNP (Table 1). The BFRS

(38.878N, 120.678W, 1315 m elevation) is located

75 km ENE of Sacramento, California and 150 km

NNW of Turtleback Dome, Yosemite (Fig. 2). The

Blodgett Forest sampling site is located in an evenly

aged ponderosa pine plantation, planted in 1990,

located near the Blodgett Forest Research Station,

owned by Sierra Pacific Industries. Aerosol size

distributions for sizes ranging from 0.01 to 0.4 mm

were measured using a differential mobility particle

spectrometer (DMPS) utilizing a differential mobility

analyzer (TSI 3071A) coupled with a CPC (TSI 3760)

as a detector. Light absorbing carbon concentrations

were measured using a two-wavelength aethalometer

(Magee Scientific, Berkeley, CA.) Ambient light

scattering coefficients were measured at 550 nm using

an NGN-2 open-air nephelometer. All instruments were

located in individual enclosures mounted upon a 12 m

walk-up tower. The air for the sample stream passed

through a PM10 inlet followed by a PM2.5 sharp cut

cyclone (Models 57-000596 and 57-005896, respec-
tively, Rupprecht & Patashnik Co. Inc., East Greenbush,

NY), and all instruments except the nephelometer were

isokinetically sampled from this stream. The inlet was

mounted above the tower at a height of approximately

13 m. A more detailed description of the BFRS

experimental setup is provided in Lunden et al. (2005).

The IMPROVE network monitors a number of aerosol

properties, including PM2.5 and PM10, ionic mass

concentrations, including SO4
2� and NO3

�, and aerosol

carbon and elemental mass concentrations. Aerosols are

sampled through inlet cyclones onto a series of filters

every third day from midnight to midnight the following

day. Organic and elemental carbon mass concentrations

in the PM2.5 fraction are determined using TOR, and

corrected for absorption artifacts using medians from

routinely-collected secondary filters at selected sites

across the IMPROVE network; elemental species

concentrations are determined by X-ray fluorescence

(XRF) and particle induced X-ray emission (PIXE).

Details regarding the network, measurement sites,

monitoring protocols, and data reduction methods are

given by Malm et al. (1994) and Malm et al. (2004). Data

from 35 IMPROVE sites in Washington, Oregon, and

California were used in this study; locations are shown in

Fig. 2. A second IMPROVE sampler in YNP obtained

daily (from roughly 08:00 local time to 08:00 the

following day) data during the intensive study for

comparison to other measurements conducted at Turtle-

back Dome, Yosemite.

Sun photometer data were obtained from the

AERONET data network for two sites in the San Joaquin

Valley operating during the study period. One instrument

was located in Fresno, California (36.788N, 119.778W,

0 m elevation), approximately 100 km south of YNP,

while the second was located in Corcoran, California

(36.108N, 119.578W, 110 m elevation), 180 km SSE of

YNP. Sun photometer data were cloud-screened and

inverted to yield estimates of aerosol optical depth

(column-integrated extinction coefficients) at multiple

wavelengths and aerosol size distributions. Continuous

dry light scattering coefficients were measured at the

Fresno, California Particulate Matter Supersite (36.788N,

119.778W, 90 m elevation) using a heated nephelometer

(l = 530 nm; Model M903, Radiance Research, Seattle,

WA). The site is located in an urban setting approxi-

mately 1 km north of the downtown commercial district.

2.2. Western United States fire activity

Emissions from wild fires are difficult to characterize

due to the highly variable nature of such fires and the

uncertainties in emission factors of various species,
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which depend on fuel type and fire stage (flaming or

smoldering). Techniques for identifying fire activity

include analysis of satellite observations (Ito and

Penner, 2004; Simon et al., 2004; Gregoire et al.,

2003; Roy et al., 2002) and use of inventories based on

reports from land management agencies and fire-

fighters. The National Interagency Fire Center (NIFC;

http://www.nifc.gov) compiles lists of major fires in the

United States, which are defined by the NIFC as any fire

burning an area greater than 200 ha. The total area

burned in the United States in 2002, as reported by the

NIFC, was over 2.8 million hectares, one of the largest

burned acreages on record. The 1960–2002 annual

average area burned (�1 standard deviation) was

1.66 � 0.66 million hectares according to the NIFC.

Roughly 600,000 ha (�20% of the total U.S. burn area

in 2002) burned in Oregon and California in 2002, with

Oregon seeing largest fire in terms of burned area, in the

last century.

We used the NIFC fire reports to determine periods

of most intense fire activity in Washington, Oregon and

California, and to identify the locations of major fires

occurring in these states during the observation period.

Locations of all NIFC-reported fires active during the

period 15 July–5 September 2002 in Washington,

Oregon, and California are shown in Fig. 2. Two fires,

the Biscuit Fire in southwestern Oregon and the

McNally Fire in southern California, burned over
Fig. 3. Cumulative burn area (in thousands of hectares) for selected fires

Interagency Fire Center.
40,000 ha each, making them the largest fires active in

the region during the study period. Total fire sizes,

reported as the cumulative area burned, are shown in

Fig. 3 for these two major fires and for three other large

fires that were active during the study. The McNally Fire

was most active from 23 to 25 July 2002, reaching

nearly half its final size in that short time period, before

displaying slower growth throughout most of August.

The Biscuit Fire had several periods of rapid growth

from 28 July to 20 August, when its size reached

roughly 200,000 ha, over three times that of any other

fire in the region during the study period. Two relatively

large fires in Oregon, the Tiller Fire and the Monument

Fire, were characterized by steady growth in size from

late-July through August.

The size, locations, and number of numerous smaller

(<200 ha) wildfires and controlled burns, which may

have occurred during the study are difficult to determine

with confidence due to the lack of consistent reporting.

However, the National Park Service (NPS) reported all

smaller fires that were active within the YNP boundaries

during the study. In general, these fires lasted on the

order of several days and typically burned less than

40 ha. The largest fire inside the park during the study

period was the lightning-caused Wolf Complex fire, one

mile west of White Wolf Lodge, which was allowed to

burn slowly from its start on 11 July through most of

August.
occurring during the summer of 2002 as reported by the National

http://www.nifc.gov/
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Fig. 4. Average diurnal wind speed and direction patterns observed at Yosemite National Park and at BFRS.
2.3. Meteorological conditions during the summer

of 2002

Local transport at the YNP and BFRS measurement

sites was characterized by a strong, thermally-driven

mountain-valley wind circulation. Fig. 4 shows hourly-

averaged wind speed and direction for each site. During

the day, the sites are influenced by up-slope (westerly)

flow, which brings San Joaquin Valley and Sacramento

Valley air masses to the study sites. This pattern reverses

during the night, with down-slope (easterly) winds

occurring at both study locations. The shift between up-

and down-slope flows occurred earlier at BFRS than at

YNP due to the lower elevation of the BFRS site. The

wind speeds at the YNP site are higher than those

measured at the BFRS, probably due to the higher

elevation and exposed nature of the elevated YNP site.

Large-scale transport patterns at BFRS and YNP

were simulated using the NOAA Hybrid Single-

Particle Lagrangian Integrated Trajectory (HYSPLIT

v 4.7) model (Draxler and Rolph, 2003; Rolph, 2003).

The model was used to generate 5-day backward

trajectories for arrival heights of 500 m above ground

level for each site for every hour during the study

period. The final analysis (FNL) data product of the

Global Data Assimilation System (GDAS) with

modeled vertical velocities was used to calculate the

backward trajectories. These gridded data used the

global spectral medium range forecast (MRF) model to

assimilate multiple sources of measured data. The

data were on a 129 � 129 polar stereographic grid

with 120 km resolution and 12 vertical layers on con-

stant pressure surfaces from 1000 to 50 hPa (http://

www.ncep.noaa.gov).
Backward trajectories were used to determine

contribution functions for air parcels arriving at each

measurement location (Ashbaugh et al., 1985). Con-

tribution functions represent the relative contribution of

transport from areas surrounding a location to that

location. By defining the residence time in a grid cell as

the number of backward trajectory endpoints contained

within the cell over a specified time interval, the

contribution function for that cell is determined from

the residence time of the cell divided by the total

number of trajectory endpoints during the specified time

interval. Normalizing this quantity by the residence

time expected for a hypothetical distribution of

trajectories arriving at the site from all directions with

equal probability gives a source contribution function, a

non-dimensional, statistical metric for evaluating the

significance of transport patterns.

Contour plots of source contribution function values

greater than one, representing higher-than-random

probability of an air parcel coming from that location,

were constructed for YNP and BFRS for the entire study

period (midnight, 15 July 2002–noon, 5 September

2002). The contours shown in Fig. 5 were color-scaled

to indicate those regions over which air parcels spent the

most time. Similar transport patterns can be seen for

both study sites, with the majority of air parcels

traveling over the Pacific Northwest and northern

California before reaching the site, frequently passing

through the San Francisco Bay and Sacramento Delta

areas and then across the San Joaquin Valley.

Comparison of Fig. 5 to the fire locations and activities

shown in Figs. 2 and 3 suggests the majority of air

parcels reaching Blodgett Forest and Yosemite traveled

over areas in southwestern and south-central Oregon

http://www.ncep.noaa.gov/
http://www.ncep.noaa.gov/
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Fig. 5. Values of the non-dimensional source contribution function, a statistical metric used to analyze backward trajectories. The source

contribution function was calculated from HYSPLIT backward trajectories with a 500 m above ground level arrival height during 15 July–5

September 2002 for Blodgett Forest (left panel) and Yosemite NP (right panel). Warmer colors indicate a higher probability of transport from a

region to the specific measurement site.
with significant fire activity. In general, transport time

from Oregon to the YNP and BFRS sites was 2–3 days.

These results indicate likely transport of wildfire

emissions to both BFRS and YNP. No backward

trajectories indicated significant transport from the

McNally Fire to YNP or BFRS, despite its closer

proximity to the study locations. It is difficult to rule out

influence from the McNally fire, however, due to the

limitations of the modeled trajectories, particularly the

coarseness of the model grid and velocity data when

compared with the complex terrain of the region. If

smoke from the McNally Fire was transported into the

San Joaquin Valley, it could easily have been

transported up the valleys in the western Sierra Nevada

to both study sites by the strong thermally-driven wind

systems.

3. Results and discussion

3.1. Identification of smoke-impacted periods at

YNP and BFRS

A number of similar measurements were made at

BFRS and YNP including aethalometer measurements

of LAC, nephelometer measurements of scattering

coefficient (bsp), and size distribution measurements.

Fig. 6a is a timeseries of hourly-averaged concentra-

tions of LAC measured at BFRS and YNP. LAC con-

centrations are elevated and are similar in magnitude
at both sites from 8 to 20 August. We note this period is

also that in which the Biscuit fire experienced rapid

growth (Fig. 3) and large-scale transport suggested air

masses from southwestern Oregon were arriving at

both sites (Fig. 5). Despite the considerable distance

between them, the overall variations in LAC are very

similar at the two sites, although evidence for local

effects is also seen. For example, two events with

elevated LAC concentrations at BFRS but little change

at YNP occurred near 17 and 27–28 July. However, the

overall similar behavior of LAC concentrations at both

sites suggests that observed haze was present on a

regional scale, and that local sources of LAC were

usually minimal relative to those acting on the larger

scale.

The difference between the concentrations reported

for UV and LAC channels ([UV] � [LAC]), as

measured by the aethalometers, is responsive to the

presence of wood smoke and thus can be examined to

indicate whether this source of LAC is important at the

two sites. Timeseries of these data are shown in Fig. 6b.

Occasionally both sites had episodically high values of

[UV] � [LAC] at different times, but these 1–2 day

events are superimposed on more dominant, similar

general trends that again suggest broader-scale influ-

ence from fire activity in the region.

The data presented in Fig. 6 can be used to argue

qualitatively for the influence of wood smoke on the

haze observed at YNP and BFRS. Quantification of the
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Fig. 6. Comparison of hourly-averaged (a) aethalometer light-absorbing carbon concentrations as measured in the visible channel and (b) the

difference between mass concentrations in the ultraviolet channel [UV] and in the visible [LAC], measured at Turtleback Dome (Yosemite NP) and

Blodgett Forest during the summer of 2002.
contribution of wood smoke to atmospheric particulate

matter concentrations has typically been done using

source apportionment methods such as positive matrix

factorization (Henry et al., 1994), UNMIX (Paatero,

1997), and multivariate receptor modeling (Park et al.,

2002). Estimates of wood smoke contributions in YNP

during this study, using organic molecular markers and

the wood smoke source profiles of Hays et al. (2002),

have been reported by Engling et al. (2005). The

estimated average daily contributions of primary fire

emissions were as high as 65%. Here, we present a more

qualitative assessment of fire impacts using data from

the measurements summarized in Table 1.

Timeseries of the daily-averaged concentrations of

several chemical smoke indicators measured at YNP

are presented in Fig. 7. Several distinct periods of

elevated URG-measured potassium ion concentra-

tions, elevated [UV], and elevated aerosol OC

concentration are evident in the timeseries, particularly

in late July and mid-August. Fig. 7 also shows the

timeseries of the ratio of fine particulate OC

concentrations to elemental carbon (EC) concentra-

tions measured at the IMPROVE site. This ratio has

been used as a first approximation to distinguish

primary emissions from mobile sources and industrial

facilities from those due to vegetative fires (Malm

et al., 2004). Values of PM2.5 OC and EC concentra-

tions for YNP were taken from the IMPROVE

measurements for comparison with other sites in the
network. The OC/EC ratios of emissions from

vegetative fires tend to be much higher than those

for mobile sources and industrial emissions (Gillies

et al., 2001; McDonald et al., 2000). Formenti et al.

(2003) observed OC/EC ratios ranging from approxi-

mately 9–16 in fresh smoke plumes and aged regional

haze over southern Africa during the burning season.

Malm et al. (2004) give annual averages for the organic

carbon mass-to-light absorbing carbon ratio of 4–5 for

urban regions in the IMPROVE network and 11–12 for

the northwestern United States, an area with histori-

cally high wild fire activity. Table 2 gives the daily-

averaged values of wood smoke indicators at YNP.

Periods when backward trajectory analyses indicated

transport from active fire regions are also indicated.

To distinguish between smoke-emissions-impacted

and non-impacted time periods, we performed a simple

statistical analysis. First, we defined background (non-

smoke-impacted) values of the various aerosol indica-

tors using the average value observed during the time

period from 14 July through 19 July (designated as days

P0 through P5 in Table 2), during which no major fires

were burning in the region. Only LAC data were

available for 14 July. A two-sample, one-tailed t-test

was then used to determine if values of each indicator

observed on other days of the study were significantly

greater than this background level at a 95% confidence

level. Critical values, xc, of the various indicators were

determined using:
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Fig. 7. Concentrations of PM2.5 potassium ion, IMPROVE organic/elemental carbon ratio and aethalometer-measured [LAC] and [UV] at

Turtleback Dome in Yosemite National Park plotted at the midpoint of sample collection times (8 p.m.). Days passing at least four criteria, as

compiled in Table 2, are shaded from 8 a.m. on the first impacted day to 8 a.m. on the first non-impacted day. Dashed lines indicate values of xc

determined from Eq. (1) for each species.

Table 2

Daily values of smoke indicators at YNP (columns 3–8) and BFRS (columns 9–10)

Day

of

study

Date 8 a.m.

to �8 a.m.

K+

(mg m�3)

OC

(mg m�3)

IMPROVE

PM2.5

OC/EC

IMPROVE

PM2.5

[UV] �
[LAC]

Transport

flag (Y = trajectory passed

over fire); name of

relevant fire; transport

time to YNP (h)

Smoke-

impact

[UV] � [LAC],

BFRS

Smoke-

impact,

BFRS

xc – 0.038 1.529 12.10 0.048 – – 0.04

P0 7/14 – – – 0.00 N

P1 7/15 0.027 1.02 9.8 0.00 N

P2 7/16 0.024 1.20 6.8 0.00 N

P3 7/17 0.030 1.15 6.6 0.01 N �0.02

P4 7/18 0.031 0.93 5.4 0.04 N �0.01

P5 7/19 0.030 1.27 6.0 0.01 N 0.00

1 7/20 0.037 1.67 6.3 �0.01 N *

2 7/21 0.048 1.35 5.4 0.03 Y, Biscuit (60) **

3 7/22 0.023 1.13 6.2 0.03 N

4 7/23 0.028 2.28 8.0 0.10 N (stagnant) **

5 7/24 0.030 2.46 6.4 0.10 Y, Fifty Eight (72) *** 0.04

6 7/25 0.025 1.89 6.6 0.08 N ** 0.01
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Table 2 (Continued )

Day

of

study

Date 8 a.m.

to �8 a.m.

K+

(mg m�3)

OC

(mg m�3)

IMPROVE

PM2.5

OC/EC

IMPROVE

PM2.5

[UV] �
[LAC]

Transport

flag (Y = trajectory passed

over fire); name of

relevant fire; transport

time to YNP (h)

Smoke-

impact

[UV] � [LAC],

BFRS

Smoke-

impact,

BFRS

7 7/26 0.021 1.73 6.2 0.07 N ** 0.05 *

8 7/27 0.048 3.68 8.9 0.09 Y, Tool Box (54),

Winter, Grizzly (48)

**** 0.29 *

9 7/28 0.059 4.10 13.7 0.05 Y, Tiller (54), Skunk (48) ***** 0.08 *

10 7/29 0.056 3.77 18.6 0.06 Y, Eyerly (60) ***** �0.05

11 7/30 0.064 4.14 10.8 0.06 Y, Sheldon Ridge (72),

White River (66)

****

12 7/31 0.055 4.12 17.2 0.05 Y, Tool Box (84) *****

13 8/1 0.047 3.28 9.0 0.05 N ***

14 8/2 0.025 1.75 7.9 0.01 N *

15 8/3 0.057 3.30 8.3 0.03 N **

16 8/4 0.055 2.80 9.5 0.06 N ***

17 8/5 0.082 4.05 16.4 0.10 N ****

18 8/6 0.041 2.57 13.5 0.04 Y, Biscuit (60) **** 0.03

19 8/7 0.028 1.75 7.7 0.04 Y, Biscuit (72) ** 0.03

20 8/8 0.055 3.46 12.5 0.12 Y, Tiller (108),

Tool Box (72)

**** 0.09 *

21 8/9 0.073 5.10 16.2 0.19 Y, Tool Box (78) ***** 0.09 *

22 8/10 0.059 4.83 13.7 0.15 Y, Tiller (90) ***** 0.14 *

23 8/11 0.062 4.59 11.7 0.14 Y, Monument (102) **** 0.09 *

24 8/12 0.076 5.68 10.5 0.16 Y, Monument (120) **** 0.05 *

25 8/13 0.081 6.70 11.0 0.14 Y, Monument (66) **** 0.05 *

26 8/14 0.103 8.54 9.3 0.21 Y, Monument (78) **** 0.13 *

27 8/15 0.104 8.99 10.3 0.21 Y, Monument (78) ***** 0.08 *

28 8/16 0.116 10.10 10.8 0.22 Y, Biscuit (120) **** 0.29 *

29 8/17 0.129 11.34 9.2 0.31 N *** 0.37 *

30 8/18 0.069 6.21 10.6 0.13 Y, Biscuit (66) **** 0.24 *

31 8/19 0.090 9.19 17.7 0.22 Y, Biscuit (60) ***** 0.27 *

32 8/20 0.084 8.19 15.4 0.24 N **** 0.52 *

33 8/21 0.052 4.59 14.1 0.12 N **** 0.17 *

34 8/22 0.050 3.46 11.1 0.08 Y, Biscuit (72) **** 0.09 *

35 8/23 0.055 3.54 11.4 0.08 Y, Biscuit (72) **** 0.08 *

36 8/24 0.040 2.85 9.1 0.05 N *** 0.04

37 8/25 0.038 4.0 7.5 0.16 Y, Biscuit (84) **** 0.04

38 8/26 0.054 6.09 10.8 0.21 Y, Tiller (66) **** 0.12 *

39 8/27 0.036 4.35 8.1 0.09 N ** 0.08 *

40 8/28 0.045 4.12 7.9 0.09 N *** 0.02

41 8/29 0.037 3.38 7.7 0.05 N ** 0.02

42 8/30 0.031 2.20 6.4 0.04 Y, Tiller (84) ** 0.00

43 8/31 0.027 1.76 5.6 0.03 Y, Biscuit (114) ** 0.02

44 9/1 0.026 2.40 6.4 0.11 N ** 0.04 *

45 9/2 0.025 2.41 6.8 0.13 N ** 0.04 *

46 9/3 0.021 0.65 3.8 0.0 Y, Biscuit (90) *

47 9/4 0.020 0.60 3.0 0.01 Y, Biscuit (90) * 0.03
xc ¼ xþ ts1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1 þ n2

n1n2

r
(1)

where n1 is the number of background samples (5 or 6

for YNP), n2 is the number of test samples (1), s1 is the

standard deviation of the background sample values, x is

the sample mean determined from the background
samples, and t is the one-tailed t-statistic for 95% con-

fidence and the appropriate degrees of freedom. The

critical values computed for each indicator according

to Eq. (1) are given in the first row of Table 2. If an

observation during the period 20 July–4 September

exceeds the critical value, then there is a statistically

significant (95% confidence level) difference between

the average non-smoke values and that day. Observations
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meeting these criteria are indicated by bold-face text in

Table 2. The transport criterion (transport flag = Y) was

met if the backward trajectory arriving at noon on a given

day had passed over an active fire region. The transport

time from the fire region to the site in hours was deter-

mined using the HYSPLIT trajectories and is indicated in

parentheses after the value of the transport flag. The

number of dots in column 8 of Table 2, ranging from

0 to 5, denote the number of criteria that were met for

YNP data on each day.

The strongest evidence for sustained fire impact at

YNP occurred for the periods 27–31 July and 8–16

August, when four or five smoke indicators met the

criteria for smoke-impact. With the exception of 17

August, four or five criteria were also met for the week

following the August event, up to 23 August. The

organic carbon criterion was met on the largest number

of days, including days on which potassium or

[UV] � [LAC] criteria were not met, reflecting the

likely influence of increases in biogenic secondary

organic aerosol across the region. In general, however,

the combination of the five indicators presented in

Table 2 appears to suggest that there were frequent

impacts from fire emissions at the Yosemite site,

particularly for the regional event occurring in mid-

August.

Data for one of the indicators used at YNP,

[UV] � [LAC], were also available for the BFRS site.

We applied Eq. (1) to determine a critical value for

BFRS based on three observations during the 15–19

July period, and in Table 2 show the dates when this

criterion was exceeded. These include the extended

period 8–23 August, consistent with the extended

smoke-influenced period observed for YNP.

3.2. Spatial extent of haze

Concentrations of EC, OC, potassium in the PM2.5

aerosol fraction, and fine aerosol mass, as reported in

the IMPROVE database, were used to determine the

spatial extent of the haze across the states of

Washington, Oregon, and California. Fig. 8 compares

observed concentrations from a day with little wildfire

activity (16 July 2002) to those measured on a day with

much higher wildfire activity (18 August 2002). On 16

July only two large fires were active in this region, both

in central Oregon.

The annual average concentrations measured by

IMPROVE (mg m�3) from 1998 to 2004 at Turtleback

Dome, Yosemite were 1.71 � 2.95 for OC, 0.26 � 0.39

for EC, 0.04 � 0.03 for potassium, and 4.77 � 4.08 for

PM2.5. These compare to the July 16 and August 18
measurements, respectively, of 1.7 and 9.1 for OC, 0.18

and 0.80 for EC, 0.014 and 0.108 for potassium, and 2.3

and 18.8 for PM2.5. Concentrations of organic carbon,

elemental carbon, and fine mass on 18 August over the

region were higher than historical annual averages from

IMPROVE as reported for 1996–1998 (e.g. annually

averaged OC in California and Oregon ranged from

0.75 to 2.5 mg m�3; 0.08 to 0.50 mg m�3 for EC; 2 to 9

for PM2.5; http://www.vista.cira.colostate.edu/views).

Concentrations of all of the selected aerosol fire

indicators were low at most IMPROVE sites on 16 July

2002. Higher fine mass, OC, and EC concentrations

were observed at the Crater Lake NP and Hells Canyon

sites (located in southeastern Oregon and western

Idaho, respectively), which were likely impacted by the

nearby Toolbox/Winter and Monument Fires, respec-

tively (Fig. 3). Nearby IMPROVE network observations

suggest that these fires did not have appreciable effects

on haze levels at YNP and BFRS.

In contrast, concentrations of EC, OC, potassium,

and fine mass were all substantially higher throughout

much of southern Oregon and California on 18 August

2002. The Biscuit, Tiller, and McNally Fires were the

largest active fires during this time (both much larger

than the Toolbox/Winter and Monument Fires). Very

high (�50 mg m�3) concentrations of fine aerosol mass

were observed at IMPROVE sites closest to active fires,

such as Crater Lake NP and Sequoia NP (located in

central eastern California south of YNP), although

elevated concentrations were seen at the majority of

sites throughout California. The highest concentrations

of OC (>80 mg m�3 in the 18 August sample) occurred

at the Kalmiopsis Wilderness Area in southwestern

Oregon, which is at an elevation of 90 m and was

located very close to the large and active Biscuit Fire.

Forward trajectories computed for this time period,

beginning at the Biscuit Fire location, indicated

northerly transport over Oregon and northern Califor-

nia, consistent with the IMPROVE observations of

elevated haze throughout this region. Fig. 9 shows an

example MODIS image for 16 August in which these

smoke transport pathways are evident, particularly the

offshore flow in SW OR that flows down the CA coast

and back into the central CA valley via the San

Francisco Bay and Sacramento Delta. At IMPROVE

sites in western Oregon and the Sierra Nevada region

(Kalmiopsis WA and Sequoia NP), the typical

summertime concentrations of OC and PM2.5 are

1–3 mg m�3 and 5–15 mg m�3, respectively. The wide-

spread elevated mass concentrations of carbonaceous

aerosol and fine particles evident on 18 August indi-

cates that the wildfires active during this time had a

http://www.vista.cira.colostate.edu/views
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Fig. 10. Ambient aerosol scattering coefficients (a), bsp (Mm�1), measured

summer of 2002. Both measurements were made using Optec NGN-2 open-a

shown are nephelometer measurements (l = 530 nm) made at an urban San Jo

are shown for two AERONET sites in the San Joaquin Valley operating du

Fig. 9. MODIS image from 18 August (image courtesy of MODIS

Rapid Response Project at NASA/GSFC).
regional-scale impact throughout the western United

States, and likely dominated visibility degradation during

several extended episodes during the summer of 2002.

Aerosol optical properties observed at several loca-

tions in and around California’s central valley provide

additional evidence of the regional-scale impact of these

wildfires. Fig. 10 presents nephelometer measurements

of the aerosol scattering coefficient (l = 550, 550,

530 nm, respectively), bsp, at YNP, BFRS, and Fresno,

and optical depth, t, at 670 nm determined by AERO-

NET sun photometer measurements at the Fresno and

Corcoran sites. Aerosol scattering coefficients and

optical depths increase at all sites from approximately

27 July to 1 August and again from 8 August to 20

August. These time periods coincide with the indepen-

dently-determined regional smoke-influenced haze epi-

sodes identified in Table 2. Other periods show weaker

agreement between the aerosol measurements made at

the elevated YNP and BFRS sites and the valley sites,

such as the period 3–7 August and 26–31 August. The

overall strong correlations between aerosol properties

observed at these four sites suggests that wildfire smoke-

impacted aerosol led to the increased optical depths and

scattering coefficients.

Size distribution statistics (volume geometric mean

diameter and standard deviation) were determined for
at Turtleback Dome (Yosemite NP) and Blodgett Forest during the

ir nephelometers operating at an effective wavelength of 550 nm. Also

aquin Valley site (Fresno, California). Optical depths at l = 670 nm (b)

ring the study period.
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size distributions measured at BFRS and YNP and for

size distributions retrieved from sun photometer

measurements at Fresno and Corcoran. Number

geometric mean diameters were calculated for directly

measured size distributions at YNP and BFRS using

Eq. (2) (Hinds, 1999):

log Dgn ¼
Pn

i¼0 log diniðlog DpÞd log Dp

N
(2)

where ni(log Dp) is the value of the number distribution

(dN/dlog Dp, cm�3) in bin i, di (mm) is the geometric

midpoint diameter of the bin, N is the total number

concentration (cm�3), and n is the number of bins

within the desired interval of the distribution. The

AERONET database reports the volume geometric

mean diameter for an assumed fine mode ranging from

0.1 < Dp < 1.2 mm. An equation similar to Eq. (2) was
Fig. 11. (a) Timeseries of number geometric mean diameters (mm) calculate

and Blodgett Forest using differential mobility analyzer and optical partic

diameters from size distributions measured at YNP and retrieved from sun p

CA and Corcoran, CA during the summer of 2002. Uncertainties for Yosemite

measured instrument flow rates. Dubovik et al. (2000) report uncertainties

retrieved size distributions.
used to compute the volume geometric mean diameter

for YNP size distributions, but for comparison with the

AERONET data, limited to sizes in the accumulation

mode (generally spanning the interval 0.035–1 mm)

using the method given by McMeeking et al. (2005a).

Timeseries of number geometric mean diameters for

YNP and BFRS, and for volume geometric mean

diameters at YNP and both AERONET sites, showed

remarkably good agreement, as seen in Fig. 11.

Geometric mean diameters at all three sites increased

during smoke-impacted episodes. This increase in

geometric mean diameter has been noted in aged

biomass burning-influenced hazes (Reid et al., 2005).

Volume geometric mean diameters observed at YNP and

at the AERONET sites are in agreement with published

values given in a recent review by Reid et al. (2005).

Though the McNally fire was closer to the study sites

than fires in Oregon, it did not appear to affect visibility
d from size distributions measured at Turtleback Dome (Yosemite NP)

le counter measurements. (b) Timeseries of volume geometric mean

hotometer measurements made by the AERONET network in Fresno,

data were on the order of 1% and were due primarily to uncertainties in

of approximately 25% for biomass burning aerosol for AERONET
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as strongly. Backward trajectory analyses indicated that

there was little transport from the McNally fire to either

YNP or BFRS. Furthermore, periods displaying the

largest signals of wildfire smoke-impact, such as

elevated potassium, UV absorption, and OC concentra-

tions, occurred in mid-August. During this time the

Biscuit Fire grew from roughly 1.2 � 105 ha to nearly

1.6 � 105 ha while the McNally Fire cumulative burn

area only increased by approximately 0.1 � 105 ha. The

period of the McNally Fire’s most rapid growth, and

presumably greatest emissions, occurred roughly from

23 to 25 July. Smoke indicators did increase during this

time, but not as much as they did during the mid-August

event. The McNally Fire may have had a stronger

influence on the San Joaquin Valley, as optical depths

observed in Fresno and Corcoran during late-July were

only slightly lower than those seen during the mid-

August episode. As mentioned previously, this also

suggests at least some influence on YNP and BFRS

aerosols, because thermally-driven winds regularly

transported San Joaquin Valley air to those sites.

4. Conclusions

We have presented measurements of aerosol proper-

ties at a number of locations in California, Oregon, and

Washington during 15 July–5 September 2002, a period

of high wildland fire activity in this region. Two of the

sites had continuous, high-time-resolution data for

aerosol light scattering coefficients, black carbon

concentrations, and aerosol size distributions. Variations

in these quantities followed similar patterns at both study

sites, indicating that the particles sampled in each

location were likely influenced by similar regional-scale

sources. IMPROVE network data from the region

indicate elevated aerosol concentrations for a large

number of wilderness areas and national parks through-

out the region during this time period. These data also

suggest an influence from wildfire emissions, deduced

from elevated levels of aerosol organic carbon and

soluble potassium. Fire emissions contributed to regional

haze for prolonged, in some cases week-long, time

periods. McMeeking et al. (2005a) showed that smoke-

impacted aerosols observed at Yosemite NP during this

period were highly effective at scattering visible light.

This finding, combined with the regional-scale nature of

wildfire-impacted aerosols reported here, suggests that

wildfire emissions have a strong impact on visibility in a

large number of Class I areas, even those located

hundreds of miles from the fire activity.

Additional observations confirm the regional nature

of this impact. Observations of aerosol properties at two
San Joaquin Valley sites were shown to be in close

agreement with and to have temporal variations similar

to aerosol measurements at Yosemite NP, indicating that

these urban and semi-urban regions were also impacted

by wildfire emissions. Thus wildfire activity may

negatively impact the typically poor summertime air

quality in these regions.
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