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Abstract The aim of the present work is a detailed analysis of aerosol columnar optical depth as a tool
to determine near-surface aerosol extinction in Reno, Nevada, USA, during the summer of 2012. Ground
and columnar aerosol optical properties were obtained by use of in situ Photoacoustic and Integrated
Nephelometer and Cimel CE-318 Sun photometer instruments, respectively. Both techniques showed that
seasonal weather changes and fire plumes had enormous influence on local aerosol optics. The apparent
optical height followed the shape but not magnitude of the development of the convective boundary layer
when fire conditions were not present. Back trajectory analysis demonstrated that a local flow known as
the Washoe Zephyr circulation often induced aerosol transport from Northern California over the Sierra
Nevada Mountains that increased the aerosol optical depth at 500 nm during afternoons when compared
with mornings. Aerosol finemode fraction indicated that afternoon aerosols in June and July and fire plumes in
August were dominated by submicron particles, suggesting upwind urban plume biogenically enhanced
evolution toward substantial secondary aerosol formation. This fine particle optical depth was inferred to be
beyond the surface, thereby complicating use of remote sensing measurements for near-ground aerosol
extinction measurements. It is likely that coarse mode depletes fine mode aerosol near the surface by
coagulation and condensation of precursor gases.

1. Introduction

Aerosols and greenhouse gases are forcing agents of the atmospheric radiation budget. The influence of
greenhouse gases (aerosols) on the radiative forcing is well (poorly) understood. Depending on their nature
and that of the underlying scene, aerosols have the ability to warm (through light absorption) or cool
(through light scattering) the atmosphere: they alter the surface energy budget [Chylek and Wong, 1995].
Unfortunately, even today, a lack of knowledge and observations hinder answering key questions about the
role of aerosols in climate change [Solomon et al., 2007; Stocker et al., 2013]. Aerosols also are linked with air
pollution [Finlayson-Pitts and Pitts, 1997], visibility impairment [Watson, 2002], and health problems [Pope and
Dockery, 2006]. In addition, a substantial aerosol fraction also acts as cloud condensation nuclei, thereby
affecting cloud reflectivity [Twomey, 1977; Lensky and Rosenfeld, 1998].

Primary aerosols are directly emitted from their sources into the ambient atmosphere. Secondary aerosols are
formed in atmospheric chemical and photochemical reactions among particles, gases, and sunlight. In order
to improve temporal and global monitoring of aerosol pollution, satellite remote sensing and ground-based
Sun photometry were established; these technologies have been extensively developed since the 1990s
[Holben et al., 1996]. Satellite remote sensing offers broad temporal and spatial coverage for global aerosol
pollution monitoring. Ground-based Sun photometry provides highly accurate column aerosol optical depth
(τext) measurements for evaluating satellite retrievals and characterizing local conditions [Remer et al., 2005].

Reno, Nevada, USA, is a midsize town located in a valley where ambient air often contains typical urban
aerosols, wind-blown mineral dust, and biomass burning emissions from natural and prescribed fires. The
Sierra Nevada Mountains complicate air pollution transport from California due to the interaction with
biogenic emissions [Hoffmann et al., 1997; Griffin et al., 1999a, 1999b], sunlight, and flow over complex terrain.

The vertical profile of aerosol in the atmosphere has been much less studied than horizontal variability
because of the added challenge in sampling the atmosphere aloft [Andrews et al., 2011]. Passive ground-
based and satellite retrievals of aerosol optical depth and microphysics are based on assumptions about
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vertical aerosol profiles, sometimes leading to errors [Rozwadowska, 2007]. Previous research on aerosol
vertical profile was performed at the Southern Great Plains (SGP) Atmospheric Radiation Measurement site
in Oklahoma from April 1996 to March 1997. The main challenge in one of their methods to retrieve τext was
due to the assumption that aerosol was present in a well-mixed boundary layer without any contribution
to aerosol extinction from above. They concluded that at the SGP site, it was not possible to use surface
measurements alone to specify column aerosol optical depth [Bergin et al., 2000]. One purpose of this paper is
to provide a simple methodology for analysis of whether aerosol resides in a well-mixed state, mostly in the
atmospheric convective boundary layer or not.

Previous research looked at the relationship between column aerosol optical depth and surface extinction
coefficients reconstructed from chemical measurements in urban Washington, D.C. [Corbin et al., 2002]. They
found a modest correlation for data averaged into biweekly samples to match the schedule of chemical
analysis. They hypothesized that the vertical distribution of aerosol mass, composition, and relative humidity
were not the same as at the surface, thereby affecting the relationship of the surface extinction coefficient
and column aerosol optical depth (AOD). Our study is similar to theirs, although we make use of direct
measurements of aerosol extinction coefficient and its scattering and absorption components, and we look
at the diurnal trends by using 1 h time averages during daylight hours. Later work presented favorable
comparisons of aerosol finemode properties retrieved from in situ cavity ringdown extinctionmeasurements
and Aerosol Robotic Network (AERONET) values, although there were no column versus surface comparisons
of aerosol optical depth derived from boundary layer height and Sun photometer [Atkinson et al., 2010].

The eventual goal of our research is to use satellite remote sensing of column τext for determining surface
relevant aerosol information, such as PM2.5 mass concentration [Hoff and Christopher, 2009] near the surface.
A prerequisite for the satellite study is a detailed analysis, reported here for our mountainous western U.S.
location, of the comparison of column τext from highly accurate Sun photometers with in situ photoacoustic
and reciprocal nephelometer instruments that measure the directly comparable spectrally resolved in situ
ground-level aerosol extinction coefficients (denoted by the symbol βext). This approach is in lieu of establishing
a relationship between PM2.5 mass concentration and aerosol optical properties.

2. Instruments and Data

Aerosol light absorption coefficients were measured with a dual wavelength photoacoustic instrument [Lewis
et al., 2008]. The Photoacoustic and Integrated Nephelometer (PIN) spectral channels used in the experiment
were 405 and 870nm. Observations with the photoacoustic instrument are based on use of a power-modulated
laser beam that induces periodic particle temperature change due to light absorption, followed by air
temperature variation due to heat transfer. The instrument quantifies the generated acoustic pressure of the
surrounding air at the laser modulation frequency yielding the absorption coefficient [Arnott et al., 1999,
2000]. A reciprocal integrating nephelometer using the same sample volume utilizes an optical detector that
measures the scattering coefficient [Lewis et al., 2008]. The scattering and absorption measurements have
15% and 5% relative uncertainty, respectively. The error bars and smoothing algorithm used for the PIN
measurements are discussed further in Appendix A.

Cimel CE-318 Sun photometer measures direct solar and sky irradiance and quantifies aerosol optical
properties for the entire atmospheric column. The wavelengths used in this study were 440, 500, and 870 nm
where gaseous absorption is manageable. Cimel provides very accurate and precise measurements of
atmospheric column optics [Holben et al., 1998]. Cimel CE-318 is the standard instrument used in the Aerosol
Robotic Network (AERONET). AERONET retrieves aerosol optical properties through cloud-screened, direct
Sun, and almucantar scans [Holben et al., 1998].

AERONET’s algorithms were initially based on the assumption of spherical particle shape [Dubovik and King,
2000]. The Dubovik et al. [2006] version was developed for more general nonspherical particles to improve
retrievals in desert areas. Aerosol optical depth is measured by direct Sun observations during all daylight
hours. Retrievals related to sky scans are limited to certain daylight hours [Dubovik et al., 2002]. The first
limitation is that the solar zenith angle must be larger than 50°, which prevents retrieval of the aerosol size
distribution close to local midday at low-latitude locations [Dubovik et al., 2000]. The second issue is that
the single scattering albedo (SSA) uncertainty is very high if the τext at 440 nm is smaller than 0.4 [Dubovik
et al., 2002] so that typical conditions in Reno are often not conducive to SSA retrieval.
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For this study, temperature, relative humidity, solar irradiance, as well as wind speed and direction were
obtained from Slide Mountain Nevada (SMN) and the University of Nevada, Reno, (UNR) weather stations
in order to link the atmospheric aerosol conditions with weather variables (Figures 1–3). The SMN
weather station is located at 39.3° latitude north and 119.8° longitude west with an elevation of 2.9 km,
and the UNR weather station is located at 39.5° latitude north and 119.8° longitude west with an
elevation of 1.4 km.

Figure 1. Hourly average of meteorological conditions measured at Slide Mountain, Nevada and Reno, weather stations in
June 2012. (a) Total solar irradiance (arbitrary units). (b) Temperature (°C). (c) Relative humidity (%).

Figure 2. Same as Figure 1 but for July 2012.

Journal of Geophysical Research: Atmospheres 10.1002/2014JD022138

LORÍA-SALAZAR ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3



Relative humidity (RH) from atmospheric balloon soundings by the Reno-National Weather Service was used
in order to investigate possible aerosol hygroscopic growth of τext in the vertical due to very high RH [Remer
et al., 1998]. Vertical dew point temperature diminishment and vertical potential temperature inversion
methods from balloon soundings aimed to retrieve the average height of the convective boundary layer
(CBL) at 5 P.M. In addition, wind speed and direction were used to study local circulation and its relationship
to aerosol transport and cleaning mechanisms. Finally, back and forward trajectory analysis with the HySplit
model [Draxler and Rolph, 2013; Rolph, 2013] was used to study aerosol transport phenomena.

3. Methodology

Columnar and surface-level measurements of atmospheric aerosol optical properties were performed using
Cimel CE-318 and PIN, respectively, for June, July, and August 2012. Additionally, local weather observations
from multiple weather stations, Reno balloon soundings, and back trajectory analyses were added to
understand the role of local weather conditions on aerosol formation, growth, and transport.

This work is based on the University of Nevada, Reno, AERONET station Level 1 (manually screened for cloud
contamination) in order to detect the sometimes highly variable fire plumes in August that would otherwise
be classified as clouds. June and July AOD and coarse mode fraction data were from the Level 1.5 collection
(real-time cloud-screened data), and Level 2 (cloud-screened and quality-assured data) was used for the size
distribution data reported in Appendix B. The site is located at 39.54° latitude north and 119.84° longitude west;
τext uncertainty is estimated to be in the range of ~0.01 to ~0.05 (air mass equals 1) [Eck, 2010]. The instrument
collimator was checked weekly in order to ensure that the data were not corrupted by contaminants, such as
dust deposits on optical windows. Days with less than three valid measurement points were not used.

The observation period was from 1 June to 31 August 2012, with predominance of dry conditions and high
temperatures. Figures 1a, 2a, and 3a show total solar irradiance during the study months. Solar irradiance profiles
allowed us to identify the cloud-impacted days—4, 5, 15, 16, 22, and 23 June, 19, 27, and 28 July, and 18 August—
which were eliminated from analysis in order to ensure the accuracy of aerosol data from the Cimel CE-318.

Temperature time series from UNR and SMN weather stations are displayed in Figures 1b, 2b, and 3b.
June presented a mix of low and high temperatures characteristic of a transition month. July and August
temperatures were consistently higher than those in June. Relative humidity (RH) in Figures 1c, 2c, and 3c was
lower than 65%, except for the cloud-contaminated days for which data were not analyzed. These low-RH

Figure 3. Same as Figure 1 but for August 2012.
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conditions allowed for analysis of aerosol optical properties without accounting for hygroscopic growth
[Sheridan et al., 2002; Andrews et al., 2004].

In addition, columnar RH from balloon soundings presented in Figure 4 generally agreed with surface
measurements. August presented high values of RH in the column for days affected by California forest fires.
Figure 5a shows a Terra/Moderate Resolution Imaging Spectroradiometer (MODIS) satellite image of the
study area containing an example of a regional fire burning close to Lake Almanor, California. Most of the area
burned by this fire was covered with pine forest. Lewis et al. [2009] found that particles formed by pine litter
fires do not exhibit strong hygroscopic growth.

4. Analysis
4.1. Daily Aerosol Optics and Weather Relationships

Aerosol optical depth (τext) is the path-integrated sum of aerosol light scattering and absorption coefficients.
Atmospheric aerosols are carried away from their sources by the wind and are subject to chemical and
physical modifications when exposed tometeorological variables such as temperature, relative humidity, and
total solar irradiance as well as to biogenic emissions from forests. The Ångström Extinction Exponent (AEE) is
related to the Ångström Scattering Exponent and the Ångström Absorption Exponent [Moosmüller and
Chakrabarty, 2011] and describes the dependence of τext on wavelength [Schuster et al., 2006; Kaskaoutis
et al., 2007]. AEE is a qualitative indicator of particle size [Ångström, 1929; Eck et al., 1999]. AEE is inversely
related to the size of the particle; the larger the AEE, the smaller the particle. Typically, coarse mode aerosols
such as dust and sea salt have values of AEE ~1. AEE≥ 2 designates size distributions dominated by fine
mode aerosols related to biomass burning and urban pollution [Eck et al., 1999]. Most atmospheric aerosols
have AEE in the range between 1 and 2 [Prats et al., 2011] for the wavelength range of this study.

Figures 5b and 5c show observations from AERONET (440 nm) and 30min averages from PIN (405 nm)made on
3 August 2012 that demonstrate the increase of τext and extinction coefficient, respectively, due to the fire
impact. The maximum in τext (Figure 5b) observed between 10 and 11 A.M. did not correspond to a similar
maximum for the near-surface extinction coefficient (Figure 5c). The τext started to diminish at 1 P.M. as did the
near-surface extinction, but a secondary maximum in τext was observed between 1 P.M. and 3 P.M. that did
not appear in the near-surface extinction measurements. This is one example of a fire plume that had a
complicated vertical structure so that column τext did not always reflect surface conditions.

Figures 6a, 7a, and 8a display daily τext distribution at 500 nm during the summer months; τext values show
June as a month with low aerosol pollution (Figure 6a). The maximum value of τext was 0.15. The gaps between
days represent the presence of clouds typical during the transition of seasons. Previous in situ studies in
Reno [Gyawali et al., 2009] showed that aerosol light extinction coefficients for nonfire conditions peaked
during the morning rush hour (from 6 A.M. to 11 A.M.) and stabilized nearly symmetrically and with low
values on either side of the maximum. However, τext for some representative June days kept increasing
during the day. In particular, τext on 1, 14, and 27 June, highlighted in yellow, kept increasing until the late
afternoon, as will be discussed further below.

Overall, τext values in July were slightly higher than those in June (Figures 6a and 7a). Aerosol optics on 2 July
was affected by a fire plume (Figure 7). The maximum τext value during this event was 0.37; 8, 14, and 26 July
presented the prolonged daily increase in τext that was also observed in June (1, 14, and 27), highlighted in
yellow. August τext (Figure 8a) was influenced by California forest fires (Figures 5a–5c). Most of the time, τext
values were higher than those observed during the previous 2 months. The maximum value of τext for August
was 0.72. The prolonged increase in daily τext was not observed during August.

A relationship between temperature and aerosol pollution on the west side of the Sierra Nevada Mountains
(SNM) was studied during the Carbonaceous Aerosols and Radiative Effects Study (CARES) field campaign in
2010. According to Zaveri et al. [2012], levels of aerosol pollution were highest during warmer temperatures
and the end of the period (25–28 June 2010). Our east side study of SNM reported similar results. June 2012
exhibited lower values of temperature and τext compared to later months; τext increased as the temperature
became warmer in July and August, likely causing enhancement of secondary organic aerosol formation.
The evolution of AEE is shown in Figures 6b, 7b, and 8b (diurnal variation plots are presented in section 4.3 to
provide more detail). In general, AEE anticorrelated with τext on most of the nonsmoky days. It is likely that fine

Journal of Geophysical Research: Atmospheres 10.1002/2014JD022138

LORÍA-SALAZAR ET AL. ©2014. American Geophysical Union. All Rights Reserved. 5



Figure 4. Vertical profile of relative humidity measured by balloon soundings of the Reno-National Weather Service at local
times 5 A.M. and 5 P.M. Themaximum altitude studied was 14km. June and July experienced low relative humidity at ground
and high levels. August presented less humidity at ground levels than at higher altitudes (around 6km) on some days.

Figure 5. Chips fires near Lake Almanor, California. (a) MODIS image of smoke from the Chips fires near Lake Almanor,
California, from Aqua satellite. The fire plume reached Reno, Nevada, on 3 August 2012. (b) AERONET (Level 1.0 data) τext at
440nm and AEE at 440–870nm. (c) PIN (30min averages) βext at 405nm and AEE at 405–870nm.
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mode aerosol is ventilated out, and coarse mode aerosol is present due to resuspension. If τext increased
with time, AEE decreased at the same time. June exposed lower values of AEE relative to the other 2 months.
The lack of submicron aerosols was likely due to lower temperatures and higher winds at the very
beginning of the month (Figures 1b and 1c). During the remainder of June, July, and August, AEE values varied,

Figure 7. One hour averages for July 2012. Descending order: (a) AERONET τext (500 nm), (b) AEE (440–870nm Ångström
extinction exponent), (c) wind direction (left axis red curve) and wind speed (right axis black curve, ms�1), and (d) zonal
wind speed (ms�1). Yellow bars represent days during which a prolonged increase of τext continued into the afternoon. Cyan
bars represent the presence of wildfire smoke. Calm westerlies correlate to a prolonged increase in τext into the afternoon.

Figure 6. One hour averages for June 2012. Descending order: (a) AERONET τext (500 nm), (b) AEE (440–870 nm Ångström
extinction exponent), (c) wind direction (left axis red curve) and wind speed (right axis black curve, ms�1), and (d) zonal
wind speed (ms�1). Yellow bars represent days with an increasing pattern of τext in the afternoon.
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1<AEE (440–870)< 2, indicating a mixture of coarse mode and fine mode contributions [Schuster et al.,
2006]. Additionally, regional forest fires contributed strongly to submicron aerosol levels during August as
confirmed by back trajectory analysis and satellite imagery. AEEs in Figures 5b and 5c show that data from
both instruments exhibited typical AEE values for biomass burning impacted (i.e., AEE ~ 2) [Eck et al., 1999].

4.2. Zephyr Circulation and τext Over Reno

Some days during June and July exhibited a prolonged increase of τext with time during the day. August was
primarily affected by fires, relegating this month to a special case distinct from the previous two. A relationship
between wind speed and direction with τext was found to be related to local circulation. The τext peak in the
afternoon, highlighted in yellow in Figures 6a and 7a, can be related to the Washoe Zephyr circulation.
This section discusses a possible secondary aerosol transport and transformation mechanism that brings
biogenically enhanced California Bay Area urban aerosol emissions over Reno.

The Washoe Zephyr circulation (WZC) is defined as a transition from easterly or weak wind speed to stronger
westerly wind starting after noon [Zhong et al., 2008]. Weak Pacific high pressure usually results in northerly
flow in the morning hours during summer months. As the day warms, pressure changes between air masses
in the elevated terrain of the Great Basin and those over Central California result in afternoon westerly winds
in the lee of the Sierra Nevada Mountains [Kingsmill, 2000]. These pressure differences usually peak in the
afternoon, forcing air from the west of the SNM crest down to the eastern slope. The Great Basin receives
sunlight earlier in the morning than the SNM and is particularly dry in comparison to the SNM. More absorbed
sunlight is partitioned to evapotranspiration (direct heating of the atmosphere) in the SNM (Great Basin); this
also promotes the WZC.

Zhong et al. [2008] also hypothesized that the WZC would transport air pollution from the Central Valley
to areas in the Great Basin; this was not tested at that time. According to Figures 6c, 7c, 6d, and 7d, the
increasing τext during afternoons, highlighted in yellow, during June and July occurred during a transition of
negative (or low) to positive (or larger) u winds, consistent with the WZC. However, the WZC did not always
explain τext peaks in the afternoon, such as on the 14 July; τext appears to be a much more complicated
function of aerosol source strength and distribution, transformation during transport, and meteorology than
is captured by the WZC alone.

Figure 8. One hour averages for August 2012. Descending order: (a) τext (500nm), (b) AEE (440–870nm Ångström extinction
exponent), (c) wind direction (left axis red curve) and wind speed (right axis black curve, ms�1), and (d) zonal wind speed
(ms�1). Cyan bars represent the impact of a wildfire. Absence of westerly flows contributed to cleaning the atmosphere in the
afternoon when wildfires were present.
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Light blue highlighting in Figures 7 and 8 represents the influence of known forest fires, with high levels of
τext and AEE in August. A common characteristic of those fires was that τext in the morning was substantially
higher than in the afternoon, likely due to plume direction changes rather than fire behavior.

Back and forward trajectory analysis using HySplit for the yellow highlighted days (1 and 27 June and 14 and
26 July 2012) are shown in Figure 9. Back (forward) trajectories start (end) 48 h before Reno. On 1 June
(Figure 9a), the back trajectory shows that the air parcel that approached Reno at 10 A.M. (red thin line) came
from the Black Rock Desert. The forward trajectory after 10 A.M., represented by the thin blue line, was
blocked by the SMNs, and then it passed over Pyramid Lake and continued farther east. The thick red line
shows that the back trajectory at 4 P.M. was drastically different from the 10 A.M. trajectory. During the
afternoon, the air parcel which reached Reno came from thewest (near Sacramento, California) and passed over
I-80 and the SNMs, both important scenarios for traffic and biogenic emissions, respectively. The forward
trajectory at 4 P.M. (thick blue line) shows a flow moving toward the east, consistent with the hypothesis that
the WZC dominated the regional winds on this day.

Back trajectory analysis in the morning and afternoon for Reno on 27 June and 14 July (Figures 9b and 9c)
showed trajectories from Central Valley, California, that passed over the SNMs and reached Reno. On
27 June, the afternoon back trajectory passed over both Pyramid Lake and Lake Tahoe before reaching
Reno. The afternoon back trajectory on 26 July passed over the SNMs from Southern California before
reaching Reno. All of the forward trajectories in Figures 9b, 9c, and 9d showed that the air parcels
moved from Reno to the east. The spirit of the WZC is embodied in the flow pattern of Figure 9a but not
in the others. In all these cases, the trajectories and aerosol sources intercepted are very complex and
not easily generalized.

Figure 9. Hysplit model 500m height back and forward trajectories at local times 10 A.M. and 4 P.M. over Reno. Thin red (blue) lines are back (forward) trajectories
starting (finishing) at 10 A.M. local time. Thick red (blue) lines are back (forward) trajectories starting (finishing) at 4 P.M. local time. (a) 1 June 2012, (b) 27 June 2012,
(c) 14 July 2012, and (d) 26 July 2012.
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Previous transport and chemical composition modeling coupled with observations during the CARES
campaign in 2010 found that aerosols from the western side of the SNMs recirculated over Sacramento,
generating layers of aged aerosol with feedback to the growth of the CBL the following day [Fast et al.,
2012]. Aerosol layers above the CBL were observed by the lidar on the B-200 aircraft over the west side
of the SNMs as a result of recirculating patterns. The HySplit trajectory analysis made for representative
days—1 June, 27 June, 14 July, and 26 July (Figure 9)—showed similar recirculation patterns as described
in Fast et al. [2012], perhaps suggesting the possibility of aerosol above the CBL could be found at the
eastern side of the SNMs.

Figure 10 presents the back trajectory analysis for 14 June at 10 A.M. and 4 P.M. from 200m to 10 km above
ground level (agl) to explore the vertical structure of the WZC. Figure 10a presents the morning near-ground
(0.1, 0.5, and 1 km agl) back trajectories at 10 A.M. with easterly flows consistent with weak or nonexistent WZC.
Comparison of the near-ground trajectories at 4 P.M. shows that the wind flow at these levels becomes
more westerly in the afternoon, consistent with the WZC. High levels (above 1 km) display the westerly flow
characteristic of the synoptic scale where the WZC influence is less apparent.

4.3. Diel Averages and Aerosol Optical Properties

The apparent optical height (AOH) is defined as the ratio between the τext (Cimel CE-318 at 440 and 870 nm)
and the near-surface aerosol extinction coefficient (PIN at 405 and 870 nm) as

AOH λð Þ ¼ τext λð Þ=βext λð Þ (1)

AOH is a length scale to represent the height below which aerosols are distributed within the atmosphere.
Under the circumstance of height-independent extinction within the boundary layer and no aerosol extinction
in the free atmosphere above, AOH is equal to the CBL layer height.

The basic idea is that the AOH and height of the CBL should be similar as a necessary condition for direct,
quantitative use of remote sensing measurements to determine near-surface aerosol pollution levels. In this
case, aerosols in the CBL represent surface conditions, and negligible aerosols are located in the free
atmosphere above the CBL.

Further, measurements (from June 2006 to September 2009) in Illinois (by using in situ vertical profile data
from meteorological aircraft) demonstrated that aerosol light extinction was mostly confined to the CBL
and that aerosol intrinsic parameters such as AEE and SSA did not substantially vary through the vertical
[Sheridan et al., 2012]. Results from that campaign, including that aerosol at higher altitudes is less hydroscopic
and more strongly absorbing at shorter wavelengths, suggest dust as the dominant aerosol. In addition,
aerosols in the mixed layer were darkest (low single scattering albedo). A March aircraft campaign from
Sacramento, California, NE over the Sierra Nevada mountains north of SMN showed that cloud condensation
nuclei concentrations (here a proxy for light scattering aerosol concentration) weremostly found in the CBL as it
developed from morning to afternoon [Rosenfeld et al., 2008].

Figure 10. Hysplit model back trajectories to Reno on 14 June 2012 at 0.1 km, 0.5 km, 1 km, 2 km, 3 km, 4 km, 5 km, 6 km, 7 km, 8 km, 9 km, and 10 km. (a) Local time
10 A.M. The 2 km height trajectory passes over Lake Tahoe. (b) Local time 4 P.M. The 1 km height trajectory passes over Lake Tahoe.
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The wavelength dependence of AOH is useful to infer the scale height of submicron and supermicron aerosol.
The volumetric extinction efficiency for 405 nm peaks in the fine mode size range while 870 nm efficiency
extends into the coarse mode, as discussed further in Appendix B. Figures 11a, 12a, and 13a show the diel
average of AOH for predominantly submicron aerosols (440 nm Cimel – 405 nm PIN) and predominantly
supermicron particles (870 nm Cimel – 870 nm PIN) for June, July, and August.

Referring to Figure 11a, AOH for fine particles (440 nm curve) in June exhibited a maximum of 6.4 km at 4 P.M.
Meanwhile, coarse aerosol AOH associated with 870nm peaked at 3 km at 10 A.M. According to the balloon
soundings, the diel average of CBL height was 1.8± 0.7 km at 5 P.M. in June 2012. It is likely that June was
characterized by fine mode secondary aerosol formation well above the surface as the day progressed, in
reference to the 440nm curve. AOH from coarse particles agreed with the height of the CBL while AOH from
fine particles was higher than the CBL height.

AOH in July for small particles peaked at 4.8 km at 3 P.M.; in contrast, large particle AOH peaked at 3.8 km
at noon. The diel average of CBL height according to balloon soundings was ~2.5 ± 0.7 km at 5 P.M. in July.
AOH at 5 P.M. was higher for the 440–405nm relationship and agreed for the 870nm calculation, implying that
at 5 P.M. the coarse mode could be confined in the CBL height but that part of the finemode was found above
it. We infer that coarse particles were largely confined to the CBL. By contrast, fine particles were found in
concentrations not explainable by surface conditions alone, either due to formation or transport of submicron
aerosol into the upper CBL or above it. Aerosol transport is likely related to afternoon westerly winds perhaps
due to episodes of the WZC.

August AOH is dominated by fire conditions. Small particle AOH peaked at 4.95 km at 2 P.M., whereas large
aerosol AOH did so at 2.94 km at 1 P.M. In situ PIN and entire column Cimel instruments perceived the fire signal
especially strongly in the morning hours. The diel average of the CBL height retrieved from the balloon
soundings was 2.6± 0.8 km at 5 P.M. in August. This result shows that the coarse particles were confined within

Figure 11. Diel averages of in situ and remotely sensed aerosol optical properties for June 2012 in Reno measured by PIN
and Cimel CE-318. Descending order: (a) Apparent optical height (km) at 440–405nm and 870–870 nm. Convective
boundary layer height at 5 P.M. retrieved from the Reno-National Weather Service balloon soundings. (b) Entire column
aerosol optical extinction at 405 and 870 nm, (c) ground-level aerosol light extinction coefficient (Mm�1) at 405 and
870 nm, (d) ground-level aerosol light scattering coefficient (Mm�1) at 405 and 870 nm, (e) ground-level aerosol light
absorption coefficient (Mm�1), (f ) ground-level SSA at 405 and 870 nm, and (g) AEE at 440–870 nm (entire column) and at
405–870 nm (ground level). Uncertainty on each plot was determined by assuming 5% and 15% of relative uncertainty in
photoacoustic and nephelometer measurements, respectively, and 1% of relative uncertainty in the AERONET algorithm,
and propagation error equations were associated with each parameter.
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the CBL at 5 P.M. but some portion of the fine mode was found above the CBL. Wind direction change and
speed increase acted as a local cleansing mechanism. Most of the fire episodes were related to the absence of
westerly flow (WZC) in the afternoons. The afternoon fine mode aerosols aloft give rise to larger than expected
AOH, even for the fire-affected month of August.

By comparison, in relatively flat, midcontinental terrain, the Illinois results [Sheridan et al., 2012] showed that
most fine particles were generally confined to the CBL. AOH results in Reno were much more complicated
because of the differences in geography with the presence of the SNMs that allows air pollution to enter the

Figure 12. Same as Figure 11 but for July 2012.

Figure 13. Same as Figures 11 and 12 but for August 2012.
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free atmosphere near the mountain crest. Reno presents desert weather conditions that have low
evapotranspiration and hygroscopic growth aloft. Finally, high temperatures along with biogenic emissions
from forests promote secondary aerosol formation and transport over Reno.

A 2 year campaign using a Cessna 172XP aircraft from March 2000 was performed to study the seasonal
aerosol vertical profile over Department of Energy’s (DOE) Southern Great Plains, Oklahoma [Andrews et al.,
2011]. During this campaign, they found that aerosol extinction coefficients decreased sharply with increasing
altitude below 1.5 km and thereafter less sharply until the aircraft maximum altitude of 5 km. A coastal study in
Singapore using Micro Pulse Lidar showed that smoke plumes were generally confined within 2�3 km of the
surface [Chew et al., 2013]. In addition, they found that the sources of aerosol above (~4 to ~6 km) are highly
variable compared with those near the surface. The aerosol in elevated layers over Singapore was transported
there by substantial vertical wind shear. Results over Reno during fire conditions (August 2012) were
qualitatively similar to the fire cases in Singapore where the fire plumes were confined within the first 3 km
above ground level. Substantial aerosol optical depth above the CBL was found as well in Singapore as was
observed over Reno, although likely due to different mechanisms.

Diel average for τext and aerosol light extinction coefficient (βext) in Figures 11b, 12c, 13b, 11c, 12b, and
13c were calculated in order to compare aerosol column with aerosol ground measurements. June τext
and βext (Figures 11b and 11c, respectively) measurements agreed when both instruments exhibited low
aerosol pollution conditions. However, aerosol column and ground observations differed during the day.
June τext had maxima (0.08 at 440 nm and 0.03 at 870 nm) at 4 P.M. when secondary organic aerosol
dominated the air pollution. βext coefficient peaked (25.4Mm�1 at 405 nm and 16.1Mm�1 at 870 nm) at
8 A.M. when primary local vehicular emissions influenced the concentration of aerosols. In situ βext
observations at 870 nmwere higher than those at 405 nm for the afternoon in June, likely due to the higher
wind speed in this month. Further discussion of the June βext comparison at 870 nm and at 405 nm is
presented in Appendix B.

July results (Figure 12) are somewhat similar to those of June. τext peaked (0.10 at 440 nm and 0.03 at 870 nm)
at 2 P.M., whereas βext (42.9Mm�1 at 405 nm and 19.9Mm�1 at 870 nm) was influenced, as in June, by
the local rush hour and peaked at 8 A.M. July τext at 440 nm peaked somewhat more dramatically and
earlier by a few hours than June, perhaps due to the more dominant influence of secondary aerosol in July.
Additionally, βext PIN measurements for July agreed with previous results in nonsmoky conditions of
August 2008 [Gyawali et al., 2009].

August AOH shown in Figure 13a is closer in value to the height of the CBL (≈3 km) until noon. Comparing
with Figures 11a and 12a, it can be seen that the 405/440 nm AOH diverges less from the expected height
of the CBL in the afternoon in comparison with June and July AOH. The τext shown in Figure 13b is higher
in August than the other months due to smoke in Reno from California fires. Apparently, the smoke was
confined mostly to the CBL. Both τext (0.25 at 440 nm and 0.07 at 870 nm) and βext (94.5Mm�1 at 405 nm and
29.1Mm�1 at 870 nm) peaked at 10 A.M.

Near-surface aerosol light scattering (βsca) and aerosol light absorption (βabs) coefficients are shown in
Figures 11d, 11e, 12d, 12e, 13d, and 13e. The predominance of scattering in the total extinction is shown in
June and July measurements (Figures 11d and 12d); βsca and βabs peaked around the same time, and they
were affected by local primary motor vehicle emissions during the rush hour (6–9 A.M.). The scattering signal
at 870 nm is higher than those at 405 nm during June as discussed in Appendix B. Higher levels of urban
aerosol pollution during July (with respect to June) exhibited a larger contribution of fine particles to the
optics. Scattering and absorption in August (Figures 13d and 13e) showed similarities with the Mexico City
MILAGRO campaign of 2006 [Paredes-Miranda et al., 2009]. During August, absorption peaked during the
rush hour due to primary sources and though scattering peaked later in the morning (10 A.M.) likely as a
result of photochemical interactions producing secondary aerosol.

Single scattering albedo (SSA) is the ratio between aerosol light scattering and aerosol light extinction and is
measured by the PIN. AERONET retrieval for SSA was not used because of the high uncertainty associated
with low τext (τext = 0.4 at 440 nm is the threshold below which SSA determination is taken to be invalid).
Figures 11f, 12f, and 13f depict the contrasts between SSA for the months of June, July, and August,
during which aerosol absorption was dominated by vehicular emissions and wildfire aerosols. The figures
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also expose differences and similarities
with the work of Gyawali et al. [2009].
In general, SSA was greater at 870 nm
than at 405 nm, perhaps due to the
contribution of nonfine mode dust
that absorbs more strongly at shorter
wavelengths. July 2008 [Gyawali et al.,
2009] was a much smokier month than
August 2012.

SSA at 405 nm ranged from 0.72 to 0.84
during June, from 0.73 to 0.92 during
July, and from 0.76 to 0.93 during
August. SSA at 870nm was substantially
higher than SSA at 405 nm. SSA at
870 nm varied from 0.76 to 0.96 during
June, from 0.77 to 0.96 during July, and
from 0.81 to 0.96 during August. Strong
diurnal variation of SSA was observed
with minima during the morning rush
hour (6–9 A.M.) and maxima on either

side. Photochemical reactions during daytime might have increased scattering coefficients of the aerosol,
causing the higher SSA values at both wavelengths for the latter part of the day.

Figures 11g, 12g, and 13g depict AEE diel averages calculated at 405–870 nm for PIN and 440–870 nm
for AERONET retrievals. Ground-based measurements (PIN) exhibited a maximum of AEE in the
morning, followed by a decrease during the remainder of the day; this pattern was found in all
3 months of the study. In contrast, column measurements (Cimel CE-318) remained flat over the same
time period. Readings from both instruments matched in the morning when primary emission
dominated aerosol optical properties. However, secondary aerosol was likely perceived by Cimel
CE-318, while PIN observed the contribution of supermicron (AEE ~ 1). June (Figure 11g) presented
lower and sometimes negatives AEE values than the later months due to high wind speed, lower
temperatures, and contribution of dust in the optics. In contrast, AEE observed in July (Figure 12g)
increased due to calm winds and higher temperatures. August (Figure 13g) showed the highest AEE
(AEE> 2) due to the impact of wildfires in California. Cimel CE-318 detected the typical values for
atmospheric aerosols (1<AEE< 2).

4.4. Coarse Fraction

The coarse fraction (CF) is the ratio between coarse mode particle optical depth and total optical depth
in the atmosphere column viewed by the Sun photometer at a particular time. It quantifies a fraction
of τext associated with supermicron particles in the air. This factor is retrieved throughout the day by
Cimel/AERONET from direct Sun scans, and it is a quantitative alternative of AEE for inferring particle size
[Eck et al., 2003].

Figure 14 illustrates the diel average of τext at 500 nm (left axis) and coarse fraction (right axis) for local
summer months. In general, τext and CF are inversely related; as τext increased, CF decreased and vice versa
(Figures 14a and 14b). The reason for this inverse relationship is likely that in the middle of the day,
secondary aerosol formation increased production of fine particles, decreasing CF. Overall, June was more
influenced by coarse particles than the latter 2 months, likely due to windier and cooler conditions.
Appendix B further discusses retrieved aerosol size distributions. Previous studies during the CARES
campaign in 2010 reported significant coarse fraction (especially from sea salt) transported from the Pacific
Ocean to the Central Valley California [Zaveri et al., 2012; Kassianov et al., 2012]. In relation to June 2012,
part of the coarse mode found in Reno, Nevada, may have been from local production and some part could
have been transported over the SNMs. However, chemical composition and transport modeling studies
must be conducted in order to clarify these hypotheses. Finally, fire smoke transported from California to
Reno dominated the fine mode in August (Figure 14c).

Figure 14. Diel averages of τext were measured at 500 nm (left axis). Diel
averages of the coarse fraction (right axis). (a) June 2012, (b) July 2012,
and (c) August 2012. The averages in July and August take into account fire
and nonfire days.
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5. Conclusions

Averaged ground-based and columnar measurements of light extinction and τext, respectively, showed
June as the cleanest month due to higher wind speed and lower temperatures that acted as local cleaning
mechanisms with respect to the two latter months. The influence of forest fires in California, high
temperatures, and calm winds increased aerosol concentrations in August beyond those in June and July.
Also, in August, AEE revealed submicron particles when wildfire smoke was transported into the Reno area.

Low wind speed and westerly flow episodes of Zephyr circulation enhanced aerosol concentrations during
some June and July afternoons. Air pollution from wildfires did not persist during the afternoon when
nonwesterly flow periods of Zephyr circulation were present.

Extinction coefficients measured by the PIN instrument showed that the maximum air pollution contribution
was due to local vehicular emissions during morning rush hour. However, Cimel CE-318 observations
pointed out that secondary aerosols dominated aerosol optics during June and July afternoons. Data from
both instruments suggested that fire conditions during August mornings strongly influenced aerosol
properties in the atmosphere. SSA measurements suggested that aerosol light absorption was largest
during the morning rush hour and aerosol light scattering during the remainder of the day.

The coarse mode fraction obtained from direct Sun photometer measurements diminished during June and
July afternoons due to secondary aerosol formation and in August due to the presence of fire smoke.

AOH retrieved for 440–405 nm was unrealistically very large compared to typical expected values of the CBL
height. However, AOH retrieved for 870–870 nm showed some correspondence with observed CBL height
due to the enhanced coarse particles contribution that is more likely confined to the boundary layer.

Particle extinction coefficients were commensurate with aerosol being primarily emitted into the boundary
layer during morning hours. However, during the afternoon, higher levels of the atmosphere may have
enhanced extinction and/or the boundary layer is not uniformly filled with aerosol (secondary submicron
aerosol is not as prevalent at the surface). Therefore, the ability of column-integrated remote sensing to
measure near-surface local aerosol pollution in Reno (and Reno-like cities) is best during morning hours and
is complicated during afternoons.

A recent paper hypothesizes that a cooling haze of secondary organic aerosol develops over the
southeastern U.S. in summer months from the photochemical interaction of anthropogenic air pollution
with biogenic volatile organic compounds emitted by forests [Goldstein et al., 2009]. It is very likely that
such a mechanism produces the fine mode aerosol reported here that appears to be concentrated
above surface extinction instruments. The Sacramento and San Francisco Bay areas are sources of
anthropogenic air pollution that has been observed to produce enhanced secondary aerosol formation
aloft in the foothills of the Sierra Nevada mountains downwind of Sacramento [Shilling et al., 2013].
A systematic increase in fine mode scattering coefficient at 355 nm and 405 nm during the progressively
warmer months was observed at the ground during this campaign as well [Gyawali et al., 2013]. This
aerosol plume is often brought over the Sierra Nevada mountains to Reno by the WZC in the afternoon
hours and is likely the source of the enhanced column aerosol optical depth we observed in this study.
Thus, it appears that the cooling haze discussed by Goldstein et al. [2009] is important in the western
U.S. as well, as an aerosol formation mechanism with an important climate impact. The mechanism of
fine mode AOD enhancement may be secondary aerosol formation above the surface and/or CBL as well
as depletion of the fine mode by the coarse mode through coagulation and condensation of precursor
gases near the surface. Further work is needed to identify the vertical distribution of fine and coarse mode
AOD and its chemistry.

Appendix A: Data Smoothing and Measurement Uncertainty

A Savitzky-Golay smoothing algorithmwas applied to the PIN diel averages. The equation employed the following:

Yi ¼ 1
231

�21 yi�4 þ 14 yi�3 þ 39 yi�2 þ 54 yi�1 þ 59 yi þ 54 yiþ1 þ 39 yiþ2 þ 14 yiþ3 � 21 yiþ4

� �
; (A1)

where Yi is the quadratic/cubic polynomial smoothing with nine coefficients for smoothing [Savitzky and Golay,
1964]. Periodic boundary conditions were assumed for the transition around midnight.
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Diel averages should be formed from a diurnal pattern that has been repeatedmultiple times under the same
circumstances throughout a period of time. During the experiment, the daily variability of aerosol
concentration and measurement imprecision (noise) both contributed to variation. The detrended Standard
Deviation (ΔS), aimed at quantifying measurement imprecision, was calculated by the following:

ΔS yð Þ ¼ ±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

i¼1
yi � yismooth

� �� �2

N

vuut
(A2)

where yi is the result of diel averaging, yismooth is the data after being smoothed using equation (A1), and N is
the total number of entries in the data set.

The uncertainty associated with measurements of the absorption coefficient is obtained from the following:

Δβabs ¼ ±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔS βabsð Þð Þ2 þ Δa β smooth

abs

� �2q
(A3)

where ΔS(βabs) is the uncertainty related to the absorption measurement and Δa is the photoacoustic relative
uncertainty due to calibration inaccuracy. At 405nm, themagnitude of the error bars was from 0.57 to 0.67Mm�1

(June), from 0.9 to 1.07Mm�1 (July), and from 0.71 to 1.13Mm�1 (August). For 870nm, the uncertainty was lower
due to use of a higher-power laser at this wavelength compared with 405nm (factor of 4 higher laser power).
The magnitude of the error bars varied from 0.23 to 0.26Mm�1 (June), from 0.23 to 0.29Mm�1 (July), and from
0.25 to 0.37Mm�1 (August). June exhibited lower uncertainty at both wavelengths due to low levels of aerosol.
In contrast, wildfires in August increased the aerosol concentration, and therefore, the absolute error increased.

A similar relationship as equation (A3) was used for the scattering coefficient uncertainty as follows:

Δβsca ¼ ±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔS βscað Þð Þ2 þ Δs β smooth

sca

� �2q
(A4)

where ΔS(sca) is the uncertainty related to the scattering measurement and Δs is the nephelometer relative
uncertainty. The uncertainty ranges calculated at 405nmwere from1.9 to 3.0Mm�1 (June), from 3.1 to 5.0Mm�1

(July), and from 6.6 to 13.3Mm�1 (August). Light scattering coefficient measurements had an uncertainty from
1.9 to 2.8Mm�1 (June), from 2.0 to 3.3Mm�1 (July), and from 3.0 to 4.2Mm�1 (August). This increasing trend
observed for each is due to the higher aerosol concentration during morning rush hour and because of the
aerosol increase likely that is due to secondary aerosol formation associated with higher temperatures and
lower wind speeds in July and August.

The equation for the error in the extinction coefficient is as follows:

Δβext ¼ ±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔS βscað Þð Þ2 þ ΔS βabsð Þð Þ2 þ Δs β smooth

sca

� �2 þ Δa β smooth
abs

� �2q
(A5)

where scattering and absorption uncertainty contribute to the calculation of βext uncertainty. Δβsca generally
dominates the βext propagated error. The ranges for 405 nm were from 2.0 to 3.1Mm�1 (June), from 3.2 to
5.1Mm�1 (July), and from 6.7 to 13.3Mm�1 (August). At 870 nm, uncertainty varied from 1.9 to 2.8Mm�1 (June),
from 2.0 to 3.3Mm�1 (July), and from 3.0 to 4.2Mm�1 (August).

The uncertainty equation for AOH is as follows:

ΔAOH ¼ ±AOH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δβext
βext

	 
2

þ Δτext
τext

	 
2
s

: (A6)

The uncertainty associated with AOH relates βext and τext relative uncertainties for PIN and Cimel CE-318,
respectively. For the submicron relationship, the uncertainty in AOH varied from 0.4 to 1.1 km (June), from
0.3 to 0.8 km (July), and from 0.2 to 1.1 km (August). The uncertainty for the 870 nm coarse particle AOH
varied from 0.7 to 1.3 km (June), from 0.6 to 1.4 km (July), and from 0.4 to 0.7 km (August). These values are
23 to 43% of the measured values.

Single scattering albedo, SSA, (represented here by ω0 ) has an uncertainty equation as follows:

Δω0 ¼ ±ω0 1� ω0ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δβabs
βabs

	 
2

þ Δβsca
βsca

	 
2
s

(A7)
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that relates Δβsca, Δβabs, βsca, and βabs
relative uncertainties and observations,
respectively. At 405 nm, the uncertainty
in SSA measurements varied from 0.02 to
0.05 (June), from 0.02 to 0.04 (July), and
from 0.01 to 0.03 (August), which is from
1 to 6% of the measured values. At
870 nm, the uncertainty ranges were
from 0.01 to 0.04 (June), from 0.02 to
0.04 (July), and from 0.01 to 0.02 (August).
This data uncertainty is from 1 to 5% of
the measured values.

The AEE uncertainty equation relates
extinction coefficient measurements and
extinction coefficient uncertainties at
405 and 870 nm by the following equation:

ΔAEE ¼ ±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δβ λ1ð Þext
β λ1ð Þext

	 
2
þ Δβ λ2ð Þext

β λ2ð Þext

	 
2s

ln 870=405ð Þ : (A8)

The ranges for AEE uncertainties were from 0.2 to 0.3 (June), from 0.1 to 0.3 (July), and from 0.1 to 0.3 (August).
These represent from 20 to 66% of data variability.

Appendix B: Clarification of June Aerosol Optical Properties
B1. Dust Ångström Exponent’s Model

Figure B1 shows a dust-aerosol model of the Ångström Exponent of Absorption (AEA), Ångström Exponent
of Scattering (AES), and Ångström Exponent of Extinction (AEE). The refractive index for 405 nm was taken
to be nr = 1.53 and ni =0.03, while the refractive index for 870 nm was nr = 1.53 and ni= 0.003. The AEA
peaks at 0.1 μm due to enhanced size-dependent absorption at 405 nm. AES (AEE) becomes negative when
the volume mean radius is approximately 0.3 (0.35) μm. The minimum value for AEE approaches �1 and
negative thereafter, as particle size increases as a consequence of stronger absorption at 405 nm. Thus,
Figure B1 displays the feasibility of having negative AEE for a commonly used choice of dust refractive
indices and is likely the explanation for the small AEE values observed in June 2012 (Figure 11g). A study

made over North Africa and the
Arabian Peninsula similarly revealed
that the columnar AEE retrieved by
AERONET reached values very close to
zero [Kim et al., 2011].

Monthly averages of size distributions
retrieved from AERONET (Level 2 data)
for June, July, and August are shown in
Figure B2 (left axis). June displayed a
significant dominance of the coarse
mode due to dusty and windy conditions
present during the seasonal transition.
July was equally dominated by fine
and coarse particles. Because of the
fire plumes and calmer wind speed,
August was substantially dominated
by the fine mode.

Figure B1. Ångström exponents for the dust model.

Figure B2. Left y axis: AERONET columnar volume size distribution average
versus radius for June, July, and August 2012. Right y axis: extinction cross
section per unit volume for the dust model.

Journal of Geophysical Research: Atmospheres 10.1002/2014JD022138

LORÍA-SALAZAR ET AL. ©2014. American Geophysical Union. All Rights Reserved. 17



The particle volumetric extinction
efficiency (extinction cross section
divided by particle volume) at 405 and
870 nm from the dust model is shown
in Figure B2 (right axis). The volumetric
extinction efficiency at 405 nm is
almost dominated by the fine mode
peaking at 0.2 μm. Meanwhile, the
volumetric extinction efficiency at 870
reveals contribution from both fine
and coarse modes peaking at 0.5μm.

Figure B3 shows the distribution of
extinction optical depth, dτext/dlogR,
that is the product of the columnar
volume size distribution (retrieved
from AERONET) and the volumetric
extinction efficiency at 405 and 870nm

from the dust model. The area under these curves is τext at 405 and 870 nm during June, July, and August
2012. June presented the cleanest conditions, and August was the most polluted. June also had the largest
coarse mode fraction (Figure 14), a quantity determined from the spectral AOD measurements. The 405 nm
contributions are mostly from the fine mode and the 870 from both fine and coarse modes, especially for
June. Figure B3 makes use of the retrieved size distribution for the entire column. The near-surface size
distribution may differ from the column averaged value.

B2. AEA

AEA represents the wavelength dependence of absorption; the equation for the AEA at 405 and 870 nm can
be written as follows:

AEA ¼ ln βabs 405 nmð Þ=βabs 870 nmð Þ½ �= ln 870=405½ � (B1)

where βabs(405 nm) and βabs(870 nm) are the absorption coefficients for 405 nm and 870 nm, respectively.
The experiment measured AEA using the PIN instrument. Diel averages of AEA (405–870 nm) are shown in
Figure B4. June, July, and August observations demonstrated diurnal cycles of AEA.

During June, AEA varied from 1.21
to 1.96. Local minima were reached
during the morning rush hour, which
can be attributed to local dominance
of vehicular emissions, and at noon
when black carbon concentration is
diminished by the expansion of the
boundary layer. However, large values
of AEA during June afternoons may be
related with the presence of coarse
particles. July had similar ranges to
June with AEA from 1.26 to 1.79. The
July curve shows a decreasing trend
from 2 A.M. to 2 P.M. August AEA varied
from 1.35 to 1.81 and has typical values
for fire conditions.

Following the same procedure as
explained in Appendix A near
equation (A8), the AEA uncertainty

Figure B4. Diel average of ground-level AEAwasmeasured at 405–870 nm
for the months of June, July, and August, 2012. Uncertainty on AEA was
determined by assuming 5% of relative uncertainty in photoacoustic
measurements, and the propagation error equation was associated with
aerosol light absorption observations.

Figure B3. Distribution of extinction optical depth.
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equation that relates absorption coefficient measurements and absorption coefficients uncertainties at
405 and 870 nm is given by the following equation:

ΔAEA ¼ ±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δβ λ1ð Þabs
β λ1ð Þabs

	 
2
þ Δβ λ2ð Þabs

β λ2ð Þabs

	 
2s

ln 870=405ð Þ : (B2)

The ranges for AEA uncertainties were from 0.17 to 0.67 (June), from 0.13 to 0.98 (July), and from 0.08 to 0.69
(August). These represent from 6 to 54% of variability of the data and explain why the error bars in Figure B4
are relatively large for some measurements.
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