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Abstract 12 

 13 
Visible Multifilter Rotating Shadowband Radiometer (MFRSR) data were collected at Storm Peak 14 
Laboratory (SPL), a mountain top facility in northwest Colorado, from 1999-2011 and in 2013. From 15 
2011-2014, in-situ measurements of aerosol light scattering were also obtained. Using these datasets 16 
together, the seasonal impact of dust and biomass burning is considered for the western United States. 17 
Analysis indicates that the median contributions to spring and summer aerosol optical depth (AOD) 18 
from dust and biomass-burning aerosols across the dataset are comparable. The mean AOD is slightly 19 
greater in the summer, with significantly more frequent and short duration high AOD measurements 20 
due to biomass-burning episodes, than in the spring.   The Ångström exponent showed a significant 21 
increase in the summer for both the in-situ and MFRSR data, suggesting an increase in combustion 22 
aerosols. Spring dust events are less distinguishable in the in-situ data than the column measurement, 23 
suggesting that a significant amount of dust may be found above the elevation of SPL, 3220 m asl.  24 
Twenty-two known case studies of intercontinental dust, regional dust, and biomass burning events 25 
were investigated.  These events were found to follow a similar pattern, in both aerosol loading and 26 
Ångström exponent, as the seasonal mean signal in both the MFRSR and ground-based nephelometer.  27 
This dataset highlights the wide scale implications of a warmer, drier climate on visibility in the 28 
Western U.S.    29 
 30 
Introduction 31 
 32 
The effect of aerosol particles is critical in understanding Earth’s radiation budget, yet significant 33 
uncertainties in the radiative properties of aerosols globally and on regional scales prevent the needed 34 
accuracy within numerical models to define future climate change. When considering only the direct 35 
effect of aerosols on global climate, the Intergovernmental Panel on Climate Change (IPCC) 36 
uncertainty estimate is currently greater than the effect at –0.35± 0.5 Wm–2 and in urgent need of 37 
further research (Boucher et al., 2013).  As the radiative impact depends on aerosol composition and 38 
size, characterization of the aerosol population is necessary.  Furthermore, understanding the source 39 
region of the aerosol is critical for emission control policy both for air quality and visibility.  In 1977, 40 
the Clean Air Act amendments began regulating visibility in 156 Class I areas, which include many 41 
national wilderness areas and memorial parks (Watson, 2002). A majority of these areas are in the 42 
Western U.S. Most recently, The U.S. Environmental Protection Agency (EPA) Regional Haze Rule 43 
(U.S. EPA, 2003) mandated a schedule of increasing emission controls to achieve “natural visibility 44 
conditions” in these Class I areas by 2064. Unlike the rest of the U.S., visibility has not improved in the 45 
Intermountain/Southwest (-116° to -100° longitude) regions over the last two decades (Hand et al., 46 
2014) and, in fact, some aerosol contributors to visibility degradation are increasing. 47 
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 1 
Tangible evidence for intercontinental transport of pollution associated with desert dust and smoke 2 
from biomass burning has changed air pollution from a local issue to one of global scope (Akimoto, 3 
2003). Remote locations in the Western U.S. are influenced both by domestic emissions and 4 
intercontinental transport of aerosols (e.g., Bodhaine, 1996; Yu et al. 2012). For example, an analysis 5 
by VanCuren and Cahill (2002) of the long-term data set provided by the Interagency Monitoring for 6 
Protected Visual Environments (IMPROVE) network indicated that Asian outflow including mineral 7 
dust is a frequent component of the lower free troposphere over much of North America, implying that 8 
Asian outflow to the U.S. is not solely limited to episodic spring-time episodes. In a later study with 9 
three sites in California located at different elevations, VanCuren et al. (2005) demonstrated a distinct 10 
separation between the stable marine boundary layer and the troposphere. This layer separation resulted 11 
in isolation of free tropospheric air, allowing mountain sites (> 2 km) to be consistently dominated by 12 
Asian continental aerosols. Kavouras et al. (2009) identified 610 days between 2001 and 2003 where 13 
dust was the major contributor to severe visibility reduction in an area of the western U.S. Using a 14 
variety of techniques, they assigned dust origins to local, regional, or trans-boundary (Asian) sources 15 
on 496 of those days. In contrast to previous studies, dust sources were predominantly local (201 cases) 16 
and regional (240 cases). Asian sources were most significant on only 55 days, mainly during spring.  17 
Fischer et al. (2009) combined SeaWiFS aerosol optical thickness (AOT) over the Taklamakan and 18 
Gobi Deserts with IMPROVE observations in the Northwest U.S to study surface aerosol variability 19 
with regard to Asian dust emissions. Results indicated that a significant (50%) amount of the 20 
interannual variability in springtime average PM2.5 and PM10 (particles smaller than 2.5 µm and 10 µm 21 
in diameter, respectively) can be explained by Asian dust emissions.  Overall, as shown by Yu et al. 22 
(2008), spring is the most active season for trans-Pacific transport of aerosols due to the active 23 
extratropical cyclones combined with strong mid-latitude westerlies, however, this transport occurs 24 
throughout the year.  More recently, by integrating satellite measurements, Yu et al. (2012) found that 25 
interannual variations of AOD over the North Pacific basin are smaller for dust than combustion 26 
aerosols and likely attributable to Eurasian fires (i.e. especially large fires in 2003 and 2008).  27 
Consistent with the prior studies, the trans-Pacific dust dominates the imported aerosol mass (88%) 28 
relative to combustion aerosol (6%), and transport occurs predominately above the boundary layer, 29 
resulting in elevated dust layers at 2-6 km (Yu et al., 2012). Previously Asian dust was observed at 30 
Storm Peak Laboratory, a mountain-top laboratory in Northern Colorado, associated with a high 31 
pressure system and elevated levels of gaseous elemental mercury (Obrist et al., 2008).  32 
 33 
Human activities such as livestock grazing have also increased dust in the western interior United 34 
States by disturbing natural, stable surfaces such as cryptobiotic soils and physical crusts in the 35 
extensive deserts (Belnap and Gillette, 1998; Reynolds et al., 2001). With sediment cores from two 36 
alpine lakes in the San Juan Mountains of southwest Colorado, Neff et al. (2008) showed that dust 37 
accumulation rates over the last 150 years are more than five times greater than the average 38 
accumulation over the previous 5,000 years.  Based on ensemble backtrajectories, geostationary remote 39 
sensing data, and the size of the dust particles extracted from snow (i.e., greater than 10 µm), the dust 40 
in these sediment cores appears to be predominantly from the western United States. The Upper 41 
Colorado River basin currently experiences four to twelve late winter- and spring-time dust deposition 42 
events each year (Neff et al., 2008; Painter et al, 2010).  Using in-situ data from Storm Peak Laboratory 43 
and ensemble backtrajectories, Hallar et al. (2011a) presented evidence of aerosol incursions at the 44 
mountain site from multiple dust storms originating in the Four Corners region of the western United 45 
States during the spring of 2010.   46 
 47 
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Wildfires are also increasing in the Western United States, as shown by a six-fold increase in annual 1 
area burned from 1986-2003 in comparison to 1970-1986 (Westerling et al., 2006). Using data from 2 
1984-2011, Dennison et al. (2014) demonstrated significant, increasing trends in the number of large 3 
fires and/or total large fire area per year, coinciding with trends of increasing drought severity across 4 
the Western United States. Augustine et al. (2008) observed increasing AOD in the Intermountain West 5 
(Fort Peck, Mt and Table Mountain, CO) from 1997-2007, and attributed this increase to an upsurge in 6 
wildfire activity.  It is predicted that wildfires will increase summer time organic aerosol concentration 7 
by 40% by the 2050s in the Western United States (Spracklen et al., 2009).  8 
 9 
Here, we systematically analyze the relative contributions of dust and biomass burning aerosols from 10 
intercontinental, local and regional sources (e.g., the Colorado Plateau) with observed aerosol loading 11 
at a high altitude site. The analysis was performed using a long-term record of radiometer data (1999- 12 
2011 and 2013) coupled with a more recent record (2011-2014) of in-situ aerosol optical properties 13 
located at a remote mountaintop location in the Rocky Mountains within the western United States.  14 
 15 
Methodology 16 
 17 
Location:   18 
 19 
Storm Peak Laboratory (SPL, 3220 m asl; 40.455°N, 106.745°W), operated by the Desert Research 20 
Institute (DRI), is located on the west summit of Mt. Werner in the Park Range, 10 km from Steamboat 21 
Springs in northwestern Colorado. SPL is situated at tree line on a 70 km ridge oriented perpendicular 22 
to the prevailing westerly winds. SPL is 1120 meters above the nearest population center (Steamboat 23 
Springs, CO; population ~12,000). This site has been used in cloud and aerosol studies for more than 24 
25 years (e.g., Lowenthal et al., 2002; Borys and Wetzel, 1997). The long-term measurements made at 25 
this remote location have allowed studies of the long-term trends in aerosol properties (e.g., Asmi et al., 26 
2013).  The site provides a unique opportunity to study the influence of dust transport on the local 27 
radiative forcing, and to investigate the relative importance of dust and biomass-burning on the 28 
seasonal aerosol loading.  29 
 30 
 31 
Instrumentation: 32 
 33 
The visible Multifilter Rotating Shadowband Radiometer (vis-MFRSR) deployed at SPL was produced 34 
by Yankee Environmental Systems, Inc., and is part of the U.S. Department of Agriculture (USDA) 35 
UV monitoring network (Bigelow et al., 1998). The shadowband-design allows the vis-MFRSR to 36 
measure the total and diffuse horizontal, and direct normal solar irradiance. The vis-MFRSR, described 37 
in detail within Harrison et al. (1994), measures solar irradiance in spectral bands at nominal 38 
wavelengths of 415, 500, 615, 673, 870, and 940 nm, with a full width at half maximum of 10 nm. 39 
Each wavelength channel uses a silicon photo-diode that has been hermetically isolated with an 40 
appropriate filter. The vis-MFRSR also possesses one unfiltered silicon diode that measures in the 41 
range of 300 nm to 1040 nm. All photo-diodes are illuminated by radiation passing through a 42 
Lambertian diffuser made of Spectralon that provides an approximate cosine response. The instrument 43 
is maintained at thermal equilibrium of 40°C and is environmentally sealed. The instrument performs 44 
measurements every 15 seconds, which are integrated into 3-minute averages and recorded by the 45 
computer/datalogger for the vis-MFRSR. The vis-MFRSR data are uploaded nightly to an off-site 46 
server using an Internet connection. Daily averages of aerosol optical depth were calculated from 47 
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measurements that passed our cloud screening. At least 24 minutes of clear skies were required for a 1 
daily average, but typical daily values included much more data than this minimum.   2 
 3 
A TSI  integrating nephelometer (Model 3563, St. Paul, Minnesota) was initially deployed at SPL in 4 
January 2011 to measure aerosol light scattering (σsp).  Here, the continuous, in-situ aerosol light 5 
scattering data obtained between January 2011-June 2014 is used as a surrogate for aerosol loading at 6 
the surface.  The nephelometer measures total (7°–170°) and backward (90°–170°) light scattering by 7 
aerosol particles at three wavelengths: blue (450 nm), green (550 nm) and red (700 nm) at the 8 
conditions (temperature, relative humidity and pressure) inside the nephlometer (i.e., not ambient) 9 
(Anderson et al., 1996; Anderson and Ogren, 1998)  The nephelometer operated at a volumetric flow 10 
rate of approximately 27 L/min. Data were collected with a 1 Hz sample rate and recorded as 1-min 11 
averages. Auxiliary equipment includes a 1 µm and 10 µm impactors upstream of the nephelometer and 12 
absorption instruments.  Here, only measurements downstream of the 10 µm impactor are used.  SPL is 13 
located in an environment with typically low dewpoint temperatures, and a heater is not required for 14 
the nephelometer.  Over the 3.5 years of nephelometric measurements at SPL, the nephelometer sample 15 
RH exceeded 40% less than 0.1% of the time (29 hourly measurements out of 24235 total hours). 16 
 17 
 18 
Calibration and Corrections:  19 
 20 
MFRSR -  21 
 22 
The vis-MFRSR must be calibrated continuously to provide the necessary accuracy for measurements 23 
of optical depth. A derivation of the AOD requires an estimate of the vis-MFRSR voltage response at 24 
the top of the atmosphere. In the absence of clouds, the direct solar irradiance measured by the vis-25 
MFRSR is determined by: 26 
 27 
(EQUATION 1) 28 
V(λ) = Vo(λ) exp[-τ(λ)m], 29 
 30 
where V(λ) is the voltage induced by direct solar irradiance at a wavelength λ measured by the vis-31 
MFRSR, and Vo(λ) is the equivalent voltage due to direct normal irradiance at the top of the 32 
atmosphere as a function of λ. τ is the total column optical depth due to scattering and absorption; and 33 
m is the air mass traversed by the direct solar beam relative to the air mass in the zenith direction.  34 
 35 
Following methods presented in Michalsky et al. (2001 and 2010) the calibration of the vis-MFRSR 36 
wavelength channels is achieved using Langley plots. A Langley plot is a graph of the natural log of 37 
the direct solar irradiance versus air mass within a narrow spectral interval.   Langley plots for air 38 
masses between 2 and 6, corresponding to measurements made between 60° and 80° degrees from the 39 
zenith, were screened for stable conditions and included morning and afternoon periods. The nearest 20 40 
successful Langley results to any day in the MFRSR data stream were then used to provide a calibrated 41 
voltage response at the top of the atmosphere (Vo) for the MFRSR wavelength channels for that date. 42 
These 20 Vo’s at 500-nm are divided to the corresponding Vo’s at 870-nm, and mean of the Vo’s in the 43 
interquartile range of these ratios (Michalsky et al., 2010) is used as the best estimate of the Vo’s for all 44 
wavelengths.  This procedure eliminates false Langleys in atmospheric conditions that could skew the 45 
estimation of Vo (Kiedron and Michalsky, submitted to AMT). A final smoothing fit is applied to the 46 
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stream of robust Vo values for the times series using a lowess filter, as described in Michalsky et al. 1 
(2010). Figure 1 illustrates the results of the calibration using Langley plots. The lowess estimate is 2 
used in the final analysis of aerosol optical depth to address the long-term variation in the measured Vo 3 
due to the degradation and temperature sensitivity of the MFRSR sensor and to extrapolate to the value 4 
of Vo for the beginning and end of a deployment of the MFRSR. The Vo’s are normalized to unit solar 5 
distance for the above processing and then adjusted to the earth-sun distance for use on the day when 6 
aerosol optical depths are calculated using the calibrated Vo’s.  7 
 8 
A comparison between an MFRSR calibrated in this manner and calibration at Mauna Loa Observatory 9 
(Michalsky and LeBaron, 2013) has indicated that this technique is robust to within a percent. A 10 
calculation of the optical depth using the calibrated value for Vo derived above should be accurate to an 11 
optical depth of 0.01.   Additional uncertainty could be expected from a changing cosine response of 12 
the Lambertian receiver. The cosine response of the Lambertian receiver from the vis-MFRSR 13 
instrument at SPL was measured in each of the seven channels in 1998, 2003 and 2012. The measured 14 
cosine response was used to reduce data until a new cosine response was measured. For example, the 15 
cosine response from 1998 was used until 2003, the 2003 response until 2012, and then the 2012 16 
response for subsequent data reduction. The 1998 and 2003 cosine responses were remarkably similar. 17 
There was no final measurement of the cosine response when the detector assembly was rebuilt in 2012. 18 
This means that if the cosine response changed during the nine-year period between 2003 and 2012, we 19 
do not have a measurement of that change. However, given that the 1998 and 2003 cosine responses 20 
were quite similar, we assume that there was little change through 2012. The small change in cosine 21 
response between 1998 and 2003 suggests that SPL is a very clean site (little local contamination), 22 
which minimizes the Lambertian receiver degradation. The 2012 cosine response would not be 23 
expected to resemble the earlier cosine responses because the detector head was completely rebuilt.   24 
 25 
Cloud Screening of MFRSR Data:   26 
 27 
The primary mechanism used to cloud screen the AOD samples derived from the vis-MFRSR 28 
measurements is to examine the short-term stability of the AOD. The cloud screening of AOD data 29 
occurs in a two-step process, discarding those measurements whose variability indicates the strong 30 
possibility of passing clouds. An AOD measurement is cloud screened if the following conditions are 31 
met. In the first step a collection of 8 contiguous data points, the change in optical depth between each 32 
AOD measurement cannot exceed 0.02, and the change over the entire collection of measurements 33 
cannot exceed more than 0.03 (Michalsky et al., 2010).  The second step scales these limits according 34 
to the estimated magnitude of the optical depth, e.g., lower limits for low optical depths. In total, 35 
242,000 3-minute measurements during 1999-2013 passed the screening methodology, resulting in 36 
2252 daily-averaged, cloud-screened MFRSR data points.  37 
 38 
 39 
Nephelometer–  40 
 41 
The nephelometer was calibrated once per year with particle-free air and CO2.  Zero checks on filtered 42 
air were performed hourly.  The nephelometer data were corrected for truncation and illumination non-43 
idealities, as suggested by Anderson and Ogren (1998). Overall, the uncertainty in scattering arising 44 
from nephelometer nonidealities is less than 10% for submicron particles (e.g., Anderson et al., 1996). 45 
For coarse mode particles (diameter greater than 1 micron), the nephelometer uncertainty increases for 46 
total scattering (20–50%). This increase is due to the inability of the nephelometer to sense near-47 
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forward scattering, which is an increasingly dominant part of the total scattering for large particles 1 
(Anderson et al., 1996).  Because we consider all aerosol particles less than 10 micron (not just coarse 2 
aerosol) and use hourly-averaged data the uncertainties will tend toward the lower side of the 3 
uncertainty range (Sheridan et al, 2002).  4 
 5 
Ångström Exponent-  6 
 7 
The Ångström exponent (α) is inversely dependent on the mean particle radius. It is a power-law 8 
relation of the observed AOD and scattering to the particular optical wavelength λ.  As a non-9 
dimensional measure of wavelength dependence, α can be calculated from both the MFRSR AOD 10 
measurements (τ) and the nephelometer scattering measurements (σsp):    11 
 12 
(EQUATION 2a and 2b) 13 
αNeph = ln(σsp,λ1/ σsp,λ2)/ln(λ1/λ2) 14 
αMFRSR = ln(τλ1/ τλ2)/ln(λ1/λ2) 15 
 16 
where λ1 and λ2 represent the wavelengths used in the calculation for each instrument: MFRSR 17 
λ1=500 nm, λ2=870 nm; nephelometer λ1=450 nm, λ2=700 nm. 18 
 19 
The Ångström exponent varies with size distribution, and thus is frequently employed as a qualitative 20 
indicator of aerosol type.	  This parameter is well suited to differentiate between smoke and dust-related 21 
aerosol populations.  Values of α can range from approximately two for submicrometer accumulation 22 
mode particles, such as those produced during biomass burning, to near zero for coarse mode aerosols 23 
such as dust (e.g., Aryal et al., 2014; Clarke et al., 2007; Russell et al., 2010). 	  24 
 25 
Identification of Dust and Fire Events at SPL 26 
 27 
In order to investigate seasonal differences in aerosol loading, specific known case studies of dust and 28 
biomass burning aerosols reaching SPL were considered.  These events were identified from the 29 
literature and available datasets, as described below, and highlighted in Table 1.    30 
 31 
Dust Events:  32 
 33 
Intercontinental -  34 
 35 
Table 1 lists two intercontinental dust events observed at SPL and additional details on this pair of 36 
events are provided here.  The first dust event resulted from a massive dust storm in Mongolia’s Gobi 37 
desert in April of 2001, which lofted both mineral dust and biomass burning aerosols.  These aerosols 38 
were sampled during the Asian Pacific Regional Aerosol Characterization Experiment (ACE-Asia) 39 
field studies with aircraft, ships, satellites, and surface sites (Seinfeld et al., 2004). The dust was lofted 40 
ahead of a surface cold front within the warm conveyor belt of a mid-latitude cyclone traveling across 41 
the Pacific and decaying as it flowed anti-cyclonically into an upper-level ridge.  The dust was seen 42 
throughout the U.S. atmospheric boundary layer, with almost no reduction in concentration (Jaffe et al., 43 
2003; Kavouras et al., 2009; Gong et al., 2003). Simulations using a global transport model (GEOS-44 
Chem) indicate that transpacific transport during this dust event was restricted to the lower free 45 
troposphere above the boundary layer, which facilitates contact with elevated terrain in the 46 
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northwestern U.S. (Heald et al., 2006).  This significant event was observed at SPL on 15-16 April 1 
2001.   2 
 3 
Asian dust was observed again at SPL from 27 April 2006 – 1 May 2006 via the vis-MFRSR.  This 4 
dust storm was well characterized at Whistler Peak in British Columbia and via the NCAR C-130 5 
aircraft flying relatively near to Whistler during the INTEX-B study (Leaitch et al., 2009).   Dust was 6 
observed between 2 km and 5.3 km at Whistler, BC, from 22 April 2006 to 15 May 2006.  From the 7 
comprehensive INTEX-B dataset, which included a Quadrapole Aerosol Mass Spectrometer aboard the 8 
C-130 (Dunlea et al., 2009) with a High- Resolution Time-of-Flight Aerosol Mass Spectrometer (Sun 9 
et al., 2009) and an off-line ion chromatography on the ground, Leaitch et al. (2009) concluded that 10 
coarse particles of dust accumulated sulfate, nitrate and organic material, which diminished the role of 11 
these compounds in indirect radiative forcing, but potentially enhanced their roles in direct radiative 12 
forcing.    13 

 14 
Regional – 15 
  16 
To systematically investigate regional dust events reaching SPL, data collected at the Senator Beck 17 
Basin Study Area, operated by the Center for Snow and Avalanche Studies (CSAS), ten miles north of 18 
Silverton, Colorado in the western San Juan Mountains were examined. CSAS operates a multitude of 19 
instrumentation for hydrologic modeling validation, which is described in detail within Landry et al. 20 
(2014).  Both upwelling and downwelling broadband pyranometers and a filtered near-21 
infrared/shortwave- infrared pyranometers are used in combination.  The difference in reflected 22 
radiation measured by these paired pyranometers enables the measurement of contaminants such as 23 
dust in the snow surface (Painter et al., 2007, 2012; Skiles et al., 2012).  These “dust on snow” events 24 
are cataloged with wind speed and wind direction, starting in May 2006, and available at: 25 
http://www.codos.org/.  Using this catalog, potential SPL dust events were identified when the wind 26 
direction was heading towards SPL (Northwest quadrant between 180°- 270°).  Based on HYSPLIT 27 
ensemble backtrajectories (Draxler and Rolph, 2015) and the measured wind speed at CSAS, it took 28 
approximately 24-48 hours for the dust to reach SPL from CSAS.   29 
 30 
For earlier years (2007-2008), the annual CSAS reports were used to select only the largest dust event 31 
each year observed at Senator Beck Basin, and it was estimated that the dust reached SPL in 24 hours 32 
(Hallar et al., 2011a).   From 2009-2010, Aerosol Particle Sizer (APS) data were used to identify the 33 
initial start and end time of each event at SPL within the initial window suggested by the CSAS data as 34 
described in Hallar et al. (2011a). The mean dust particle size by number during the 2009-2010 dust 35 
events was approximately 1 µm.   For events between 2011-2013, the nephelometer data were used to 36 
identify the initial start and end time of the event at SPL.  All regional dust case studies identified in 37 
this manner are listed in Table 1.  38 
 39 
Fires: 40 
 41 
The impact of the wildfires on aerosol loading and air quality over Colorado was analyzed by Val 42 
Martin et al. (2013) using AOD measured by the MODerate resolution Imaging Spectroradiometer 43 
(MODIS) aboard the Terra satellite in combination with surface PM2.5 (particles smaller than 2.5 µm in 44 
diameter) averaged over ten sites within the Colorado Front Range corridor.  They classified nine main 45 
fire events that were identified between 2000-2012.  During this study these events were investigated 46 
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further, and those with available data from SPL are listed within Table 1.  For example, from June 3-7, 1 
2011, Storm Peak Laboratory was strongly impacted by outflow from the Wallow fire in Arizona.  The 2 
Wallow fire is Arizona’s largest recorded wildfire to date (215,000 ha) (Kennedy and Johnson, 2014).  3 
Smoke transported from this fire was observed by many instruments at SPL. During the peak of the fire 4 
on June 6 from 0600 – 2300 MST, a distinct particle size mode was observed at 250 nm (a typical 5 
mode at SPL is below 100 nm), while nephelometer scattering (at 550 nm) increased from typical June 6 
values of ~15 Mm-1 to greater than 100 Mm-1 and the MFRSR AOD500 values were above 0.2 during 7 
the smoke incursion.    8 
 9 
 10 
Results 11 
 12 
The long-term time series of MFRSR cloud-screened and calibrated AOD at 500 nm is shown in Figure 13 
2.    Figure 2 and all MFRSR analysis presented here use the daily averaged data.  Figure 2 shows 14 
multiple statistical fits to the MFRSR data. The least square fit (blue dashed line) is higher than the 15 
lowess fit (green line) because it is sensitive to outlier AOD values.  Figure 2 indicates strong inter-16 
annual variability, but also a consistent seasonal cycle with lowest AOD values observed in the winter 17 
months. There is not, however, either a strong long-term trend seen in the AOD data nor a statistically 18 
significant increase in AOD in the mid-afternoon (not shown).  The lack of a daily AOD cycle supports 19 
the conclusion that the majority of the aerosol population observed by the MFRSR at SPL is not 20 
influenced by the boundary layer via mountain wave dynamics, or regional new particle formation 21 
events (Hallar et al., 2011b).   Newly formed particles dominate the number concentration in general at 22 
SPL, but are too small to be optically active. 23 
 24 
 25 
The top panels of Figure 3 highlight the annual patterns in both the AOD and αMFRSR.  The AOD 26 
demonstrates an increased aerosol loading in the spring (approximately March 1st – May 15st ; day of 27 
year [DOY] 61-136), with a slight decrease in early summer starting June 1st (DOY 160) and then a 28 
sustained stronger increase from mid-June until mid-August (DOY 170-225).   The average and the 29 
standard deviation of the AOD for the spring is 0.069±0.0002 (median = 0.061), and for the summer is 30 
0.099±0.0004 (median = 0.074).   As indicated by the low standard deviation the year-to-year season 31 
average variation in AOD is very small.  Due to the episodic nature of biomass burning events during 32 
the peak summer season, the summertime AOD has significantly more variability. The difference 33 
between the median spring and summer AOD, over this 13-year record, is small (< 0.01). In contrast to 34 
the relatively small difference in AOD in the spring and summer, there is a significant difference in the 35 
Ångström exponent between those two seasons. The average Ångström exponent during the spring is 36 
0.912±0.0024 (median = 0.865), while during the peak summer season the Ångström exponent is 37 
1.64±0.01 (median =1.65).  From April 1st to May 15th (DOY 91 -136), the Ångström exponent shows 38 
a more significant decrease, with an average value of 0.876±0.0028 (median =0.832), this period is 39 
denoted in Figure 3 with vertical dashed lines.   40 
 41 
This pattern suggests a difference in the aerosol size between the spring and summer observed at Storm 42 
Peak Laboratory.  Specifically, there is an increase in coarse-mode aerosol loading during the spring, 43 
with the strongest signal in April and early May (DOY 91-136) when the lowest Ångström exponent 44 
values occur. This finding is consistent with the previous work, pointing to springtime transport of dust, 45 
both from local and remote sources to this region (e.g., Yu et al., 2012; Hallar et al., 2011). Using 46 
nephelometer scattering data from approximately 1000 vertical profiles during numerous aircraft 47 
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campaigns, Clarke et al. (2010) calculated αNeph from scattering at 450 and 700 nm, and then used 1 
αNeph>1.3 to separate air masses consisting of smaller particles characteristic of combustion sources, 2 
from air masses consisting of larger dust particles.  At SPL, the summer aerosol appears to be 3 
dominated by smaller particles. Given the remote nature of SPL, these smaller aerosol particles are 4 
most likely combustion aerosol from biomass burning.  5 
 6 
The MFRSR and nephelometer instruments cover different time periods, and the plots (top and bottom 7 
panels of Figure 3) show different (though related) aerosol parameters; therefore they should not be 8 
expected to be identical.  Additionally, the nephelometer is an in-situ measurement made at low RH 9 
whereas the MFRSR is an integration of the ambient aerosol in the vertical atmospheric column.   10 
Nonetheless, they present a somewhat consistent picture of the seasonal cycle of loading and particle 11 
size. Similar to the MFRSR, the nephelometer measurements show that there is a strong summer peak 12 
in aerosol loading due to biomass burning events.  However, the nephelometer does not show the 13 
increase in loading in the spring that is seen by MFRSR AOD and attributed to dust. 14 
 15 
The nephelometer-derived Ångström exponent is higher in the summer than in other times of year 16 
(note: this figure shows only one summer of nephelometer measurements (2012) due both to 17 
construction downtime and instrument issues).  As with the MFRSR, the lowest nephelometer 18 
Ångström exponent values occur in the spring, but the dip in Ångström exponent values derived from 19 
the nephelometer occurs about a month earlier in the seasonal cycle (March 1-April 15 (DOY 60-105)) 20 
than is observed for the MFRSR-derived Ångström exponent.    21 
 22 
 23 
Investigating Seasonal Patterns in relation to known Case Studies:  24 
 25 
Using the case studies outlined above, specific events of dust and biomass burning aerosols observed at 26 
SPL will be considered, in relationship to seasonal patterns.  A scatter plot showing AOD versus 27 
Ångström exponent is a common tool to classify aerosol types, as it can provide information on aerosol 28 
loading and size (type) simultaneously (e.g., Toledano et al., 2007).  Figure 4 presents the relationship 29 
between Ångström exponent and aerosol loading for the vis-MFRSR and nephelometer, respectively.  30 
Figure 4 identifies the data by spring and summer season using small colored symbols (green and red, 31 
respectively) and highlights events listed in Table 1 using large colored symbols as indicated in the 32 
legend.    33 
 34 
For both instruments, different seasonal relationships exist between aerosol loading and the Ångström 35 
exponent, indicating that the aerosol load at SPL contains two seasonally distinct aerosol populations.  36 
The Ångström exponent increases with increasing AOD during the summer, and the Ångström 37 
exponent decreases with increasing AOD during the spring. Thus, the aerosol population contains 38 
larger particles, consistent with dust, in the spring and smaller particles are observed in the summer 39 
months, which is consistent with biomass burning.  This relationship between particle size and source 40 
is further established by highlighting the case studies in Table 1 by using larger symbols on Figure 4.  41 
  42 
 43 
For example, a 2001 dust storm originating in Mongolia (e.g., Seinfeld et al., 2004) was measured at 44 
SPL and is denoted in Figure 4a as “2001 Asian Dust”.  At SPL, the dust was measured with several 45 
instruments including the aerodynamic particle sizer (APS, TSI, Inc.), with an aerosol mode at 2 µm. 46 
The 2001 Asian dust event is notable in that it is well defined in the vis-MFRSR measurements for that 47 
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year relative to other sources of AOD. During the event, the Ångström exponent decreased to 0.17 at 1 
SPL on April 15, highlighting the large particle size.  This finding is consistent with other 2 
measurements of this event at western, mid-western and eastern U.S. sun photometer stations, showing 3 
similar low Ångström exponents during this week (Thulasiraman et al., 2002).    The 2006 Asian dust 4 
event (“2006 Asian Dust” on Figure 4a) shows a similar relationship between Ångström exponent and 5 
AOD as was observed for the 2001 event.  Ensemble HYSPLIT backtrajectories (Draxler and Rolph, 6 
2015) indicate that the air was transported directly from British Columbia, where prior dust 7 
measurements were conducted (Leaitch et al., 2009), to SPL. In comparison, the DOY 91-136 (peak 8 
spring season) average Ångström exponent for 2004 is 1.09±0.005, and the average AOD is 9 
0.075±0.069.  The spring average Ångström for 2006 is 0.56±0.010 with an average AOD of 10 
0.07±0.001. Although these two years have similar aerosol loading, as represented by the optical depths, 11 
the size of the aerosol and thus likely the composition is significantly different.  As documented in the 12 
literature, severe Asian dust storms impacted Beijing and Korea, eventually reaching North America in 13 
April and May of 2006 (e.g., Papayannis et al., 2007; Lee et al., 2008; Leaitch et al., 2009).  These 14 
average AOD and αMFRSR values for the known Asian dust event are quite similar to many springtime 15 
daily average values in the long-term MFRSR climatology at SPL, as shown in Figure 4a. While not an 16 
absolute indication, they suggest that Asian dust is an important factor in the spring aerosol coarse-17 
mode composition and total AOD at SPL.  Significant Asian dust storms were not observed during the 18 
time frame when nephelometer data are available.   19 
 20 
The regional dust events plotted on Figures 4 (large green symbols) are consistent with typical 21 
springtime measurements (small green dots) of the Ångström exponent and aerosol loading. All 22 
regional dust events measured by the vis-MFRSR have an Ångström exponent less than 1.3, as shown 23 
with the green triangle markers in Figure 4a.    This result is in agreement with Clark et al. (2010), 24 
which used α > 1.3 to separate air masses consisting of smaller particles characteristic of combustion 25 
sources, from air masses consisting of larger dust particles.  Surprisingly, the Asian dust storms 26 
observed at SPL, have a smaller αMFRSR than the regional dust storms.  This is in contrast to the 27 
expectation that suggest an increasing PM2.5 to PM10 ratio with increasing dust plume age (e.g., Tong et 28 
al., 2012).  As mentioned previously, regional dust events observed at SPL between 2009-2011 had a 29 
mean dust particle size by number of approximately 1 µm.  As reported by Lee and Cho (2006) and 30 
Leaitch et al. (2009), Asian dust may have larger than1 µm mean diameter.  These finding are 31 
consistent with the smaller αMFRSR observed during Asian dust events in comparison to the regional 32 
dust storms found in this study. The nephelometer data for regional dust events indicate a wider range 33 
of Ångström exponent than was observed with the MFRSR.   34 
 35 
Finally, using the wildfires impacting Colorado, as identified by Val Martin et al. (2013), the impact of 36 
smoke on SPL was considered.  Seven of the events were seen by the vis-MFRSR as listed in Table 1 37 
and shown in Figure 4 with red symbols.  These events produced high AOD, reaching greater than 0.4 38 
for several events, including the Haymaker and Station fires.   Similar to the summertime daily 39 
averages observed by the vis-MFRSR, the Ångström exponent trends upward with increasing aerosol 40 
loading, for all fire events.   Four of the wildfires were observed by the nephelometer, as listed in Table 41 
1 and shown in Figure 4b.  In general, these events followed a pattern similar to the vis-MFRSR.  42 
Strong aerosol loading was observed during each of the fire events, with aerosol scattering above 80 43 
Mm-1.   Table S1 provides statistics for fire and dust events, as measured by the nephelometer and 44 
filter-based absorption instrument of various aerosol optical properties (see supplemental materials for 45 
details).  The scattering, absorption, Ångström exponent (αNeph), backscatter fraction (back-46 
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scattering/total scattering), and single scattering albedo at 550 nm are listed for each case study in 1 
Table S1.   In general, dust events tend to have lower loading (both for scattering and absorption) than 2 
fire events; dust events tend to have lower Ångström exponent than fire events, indicating larger 3 
particles.  There was no significant difference between dust events and fire events for backscatter 4 
fraction or single scattering albedo.  5 
 6 
 7 
Discussion:  8 
 9 
Several prior studies have used IMPROVE aerosol composition data to investigate the seasonality of 10 
dust events in the Western U.S. (Kavouras et al. 2009; VanCuren and Cahill, 2002; Wells et al., 2007; 11 
Tong et al., 2012; Creamean et al., 2014).   These studies provide evidence that Asian dust can be 12 
found in the Western U.S. during all seasons (VanCuren and Cahill, 2002) with peak concentrations at 13 
the surface typically occurring in the spring (VanCuren and Cahill, 2002; Kavouras et al., 2009; 14 
Creamean et al., 2014).  Dust generated from regional sources can also be found during all seasons, 15 
highlighting the impact of windblown dust across the year (Tong et al., 2012), although peak 16 
concentrations of regional dust at the surface typically occurred in the summer (Kavouras et al., 2009; 17 
Wells et al., 2007).  Using IMPROVE data combined with MODIS imagery, Tong et al. (2012) found 18 
that regional dust in the Western U.S. peaked from March to July. In contrast, the long-term vis-19 
MFRSR observational data acquired at SPL does not indicate an appreciable amount of dust (Asian or 20 
regional) in the column above SPL outside of the spring season. It is important to acknowledge that this 21 
conclusion is based on the assumption that dust events sampled at SPL have distinctly different size 22 
distributions from other aerosol types and can be identified by the observation of low Ångström 23 
exponent values. Additionally in contrast to the previous studies, this study requires a dust 24 
concentration large enough to dominate the aerosol optical properties, rather than relying on chemical 25 
detection methods. 26 
 27 
It is difficult to differentiate local dust from intercontinental dust, outside of known case studies, using 28 
only optical measurements such as the MFRSR and nephelometer because the timing (spring) and 29 
observations (AOD and αMFRSR values) are quite similar for both dust types. Even with chemical 30 
composition there is significant overlap between paired elemental ratio distributions for dust 31 
originating from the American desert southwest and Asian dust (VanCuren and Cahill, 2002). In 32 
general the springtime daily average values in the long-term MFRSR climatology at SPL suggest that 33 
dust (regional and Asian) may be an important factor in the spring aerosol coarse-mode composition 34 
and total AOD.  Previous work by Augustine et al. (2008) attributed the secondary springtime 35 
maximum in AOD (and decrease in Angstrom exponent) observed at three Western U.S. surface 36 
radiation (SURFRAD) budget network sites to Asian dust transport.  This work suggests, that at SPL, 37 
the springtime signal should be attributed to both regional and Asian dust.  38 
 39 
By combining the MFRSR and nephelometer datasets, we can begin to infer information pertaining to 40 
the vertical distribution of the aerosol.  It is important to acknowledge that the nephelometer and 41 
MFRSR measurements at SPL cover different time ranges and events, so we are relying on the 42 
climatological values obtained from these instruments to represent typical conditions of the column and 43 
at the surface (3220 m asl).  The strong springtime increase in AOD in the MFRSR is not observed in 44 
the in-situ nephelometer light scattering data.  Additionally, the springtime decrease in Ångström 45 
exponent is more pronounced in the MFRSR data, compared to the in-situ surface data.  Thus, dust 46 
events are less distinguishable in the in-situ data than the column measurement, suggesting that a 47 
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significant amount of dust may be found above the elevation of SPL.  This conclusion is further 1 
supported by the relatively invariant AOD signal across the day, suggesting that the majority of the 2 
aerosol population observed by the MFRSR at SPL is not influenced by the boundary layer via 3 
mountain wave dynamics (i.e. diurnal upslope and downslope flow).  4 
 5 
These results are supported by previous in-situ, modeling and remote sensing studies suggesting a more 6 
pronounced dust layer at higher elevations.  Initially, with three sites in California located at different 7 
elevations (Trinidad Head, Trinity Alps, and Mount Lassen), VanCuren et al. (2005) demonstrated a 8 
distinct separation in aerosol chemistry between the stable marine boundary layer and the troposphere 9 
during the spring of 2002.  Using eight-stage rotating drum impactors analyzed in 3-hour time steps by 10 
x-ray fluorescence, VanCuren et al. (2005) categorized Asian dust by using a Fe/Ca ratio.  Continuous 11 
Asian aerosol transport was found above the boundary layer, and Mount Lassen (1755 m asl) was 12 
dominated by Asian continental aerosols, especially under conditions of strong synoptic forcing in the 13 
spring.  Creamean et al. (2014) expanded upon VanCuren et al. (2005), using 10 years of IMPROVE 14 
data from 25 sites along the U.S. West Coast, including 15 mountain sites.  They found the highest 15 
concentration of Asian dust at the high elevations, due to the increased exposure to the free troposphere 16 
in comparison to the coastal sites, and peak concentrations in the spring at all sites. Wells et al. (2007) 17 
also saw a spring increase in dust concentration at high elevations attributed to intercontinental 18 
transport. Specifically, IMPROVE measurements and simulations from the Navy Aerosol Analysis and 19 
Prediction System of PM10 soil showed a two-fold increase at a high altitude site (Sawtooth National 20 
Forest, Idaho (1980 m asl)) compared to a low altitude site (Kalmiopiss, Oregon (90 m asl)) in the 21 
spring from 2001-2004.  In May 2007, measurements from the Cloud–Aerosol Lidar with Orthogonal 22 
Polarization (CALIOP) observed dust clouds generated during a storm in China’s Taklimakan Desert 23 
lofted to the upper troposphere (8–10 km) and transported more than one full circuit around the globe 24 
(Uno et al., 2009).  Similar to the dynamic processes described by VanCuren et al. (2005), subsidence 25 
of a large-scale high-pressure system caused the dust layer to descend into the lower troposphere (Uno 26 
et al., 2009).  Yu et al. (2010) reported that CALIOP also observed dust layers between 4-6 km across 27 
the northwestern Pacific (from 0° - 50°N and from 50° -140°E) during the spring of 2007; this study 28 
was followed by work by Huang et al. (2014) demonstrating similar results for each April from 2007-29 
2012. Again these prior studies are consistent with the conclusion that a significant amount of dust may 30 
be found above the elevation of SPL in the spring. 31 
 32 
While dust (local and/or Asian) has a large seasonal impact on aerosol loading at SPL, our results also 33 
indicate that smoke may have a similar impact based on similar median AOD values for a dust-34 
dominated spring (0.06) and a smoke-dominated summer (0.07). The SPL dataset highlights the 35 
potential wide scale implications of a warmer, drier climate on aerosol loading in the Western U.S.   36 
Increased drought in the Western U.S. will result in increased wildfire activity and dust events.  37 
Dennison et al. (2014) demonstrated increasing trends in the number of large fires, most significant for 38 
mountain ecosystems, coinciding with increasing drought severity.  The impact of drought is clearly 39 
evident within this data set.  For example, in 2002, record or near-record precipitation deficits were 40 
observed throughout the western United States (Cook et al., 2004), creating conditions conducive to the 41 
very large Hayman fire (Schoennagel et al., 2004) in Colorado.  The Hayman fire had a significant 42 
impact on the AOD at SPL, nearly 250 km north of the fire, resulting in the anomalously high summer 43 
AOD shown Figure 2, along with the direct impact of the fire denoted in Figure 4.    44 
 45 
Depending upon its severity, increased aerosol loading in the Western U.S. has many implications 46 
including effects on visibility, air quality and climate feedbacks. Collaud Coen et al. (2013) studied 47 
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long-term (>10 years) trends in aerosol scattering from 24 observatories across the globe. The Mount 1 
Zirkel Wilderness IMPROVE site, a few kilometers away from SPL, was an anomaly compared to 2 
most of the stations studied, because it showed an increasing trend for aerosol scattering coefficient 3 
(+4%/decade).  Mount Zirkel represents the only high altitude IMPROVE site (>2.5 km) in the U.S. 4 
Intermountain West with a long-term aerosol scattering record. Also using IMPROVE network data 5 
from 1990-2004, Murphy et al. (2011) found that in contrast to other seasons, elemental carbon (EC) 6 
increased in the summer within the Intermountain West, due to an increase in summer wildfires. Hand 7 
et al. (2011) found an increase in fine soil concentrations in the Intermountain West from 1989–2008 8 
via the IMPROVE dataset, and this increase was most prominent in the springtime.   The Intermountain 9 
West will continue to face significant difficulties maintaining mandated visibility faced with a drier 10 
climate, as there is a broad consensus among climate models that the Intermountain West will become 11 
more arid in the 21st century (e.g., Seager et al., 2007). Changes in aerosol loading, from increased 12 
wildfires and dust events, will have a direct impact on visibility, climate, and air quality (Val Martin et 13 
al., 2015).  The results presented here suggest that biomass burning in the summer and spring time dust 14 
have had a significant impact in the Intermountain West over the last decade, however, emissions of 15 
these ‘natural’ aerosols cannot be controlled in the same way that emissions from anthropogenic 16 
sources can be.   17 
 18 
 19 
Conclusions: 20 
 21 
In the remote Western United States, the role of seasonal dust and smoke in the aerosol population is an 22 
important issue for climate predictions and preserving visibility in pristine locations. Using the long-23 
term vis-MFRSR and in-situ aerosol optical data, the composition of spring and summer aerosol at SPL 24 
was investigated.  The data clearly show a strong differentiation in the seasonal contribution of 25 
different aerosol types.  In general, the spring AOD is dominated by coarse-mode aerosols indicating 26 
dust, while the AOD in summer is dominated by aerosols in the fine-mode likely associated with 27 
biomass-burning. Differences between surface nephelometer measurements and column MFRSR 28 
observations supports previous findings that springtime dust transport is found in elevated layers.   29 
Long-term analysis of the SPL AOD indicates that the median contribution of dust aerosol to spring 30 
and smoke aerosol to summer AOD over the course of 1999-2013 is comparable.  These results suggest 31 
that both smoke and dust negatively impact scenic vistas in the Intermountain west and this impact may 32 
increase in a warmer, drier climate. 33 
 
  34 
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 1 
TABLE 1: Dust and Biomass Burning Events Observed at SPL 2 
 3 
Start Time  
(UTC) 

End Time 
(UTC) 

 MFRSR 
Data  
Available 

Nephelometer 
Data Available** 

DUST EVENT     
April 15, 2001 1200 April 16, 2001 1200 Asian X  
April 27, 2006 May 1, 2006 Asian X  
Regional Events  WindDir. 

at CSAS 
  

April 19, 2007 1900  April 20, 2007 0700  201 X  
April 16, 2008 1900  April 17, 2008 0700  219 X  
April 4, 2009 0500  April 5, 2009 0700  206 X  
April 13, 2010 0800  April 13, 2010 1300  188 X  
May 22, 2010 0900  May 24, 2010 1500  192 X  
April 22, 2011 2200  April 24, 2011 0000  258  X 
May 1, 2011 1200  May 4, 2011 0600  279  X 
May 5, 2011 0900  May 11, 2011 0600 206 X X 
May 27, 2011 1800 May 29, 2011 1200 243  X 
March 7, 2012 0900 March 8, 2012 0900 197  X 
March 20, 2012 
0900 

March 22,2012 0000 193  X 

March 27, 2012 
1800 

March 29, 2012 1200 207  X 

April 2, 2012 2000  April 3, 2012 1000  198  X 
April 7, 2012 1800  April 11, 2012 1400  201  X 
May 20, 2012 0000 May 23, 2012 1400 213  X 
May 24, 2012 1400  June 1, 2012 0000 217*  X 

April 16, 2013 2000 April 20, 2013 0200 206 
 

X 
May 25, 2013 0000  May 25, 2013 1800  207  X 
     
FIRE EVENT  Origin   
July 27, 2000 August 6, 2000 NW US 1  X  
June 15, 2002 July 10, 2002 Hayman  X  
July 30, 2002 Aug 3, 2002 AR,OR, 

CA 
X  

Sept 4, 2006 Sept 9, 2006 CA X  
Aug 29, 2009 Sept 3, 2009 Station 

Fire 
X  

June 4, 2011 0700  June 8, 2011 0000  Wallow X X 
June 30, 2012 0700  July 5, 2012 0700  Waldo/ 

High Park 
 X 

Aug 10, 2012 0700  Aug 18, 2012 0700  NW US 2  X 
Sept 21, 2012 0700  Sept 23, 2012 0700 NW US 3 X X 
* Average of 3 consecutive dust events at CSAS 4 
**Aerosol optical properties for events sampled by nephelometer are provided in supplemental materials 5 
 6 
 7 
 8 
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 1 
Figure 1: Calibration results for the 415-nm channel from vis-MFRSR Langley plots. All Vo’s from the Langleys are shown 2 
with dots. The lowess estimate (black curve) is used for the assigned Vo’s in the aerosol optical depth analyses. 3 
 4 
 5 
 6 
 7 
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 1 
Figure 2: Black dots are 2252 daily averages of AOD at 500nm. The red line is a lowess fit with a three-month window. The 2 
green line is a lowess fit with a five-year window. The blue dashed line is a least squares fit to a cubic polynomial. A year-3 
gap in the MFRSR measurements occurred in 2011-2012. This interruption in MFRSR operation was due to structural 4 
renovations at the SPL facility.  5 
 6 
 7 
  8 
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 1 
 2 

 3 

 4 
Figure 3: Left top panel shows seasonal pattern in AOD at 500nm using data from 1999-2011 and 2013.   Right top panel 5 
presents seasonal pattern in Ångström exponent (500nm /870nm) for the same time range. Bottom panel shows seasonal 6 
pattern in nephelometer scattering and Ångström exponent.  In all plots, the black dots are daily averages of the data.  The 7 
dark grey line is a running average, calculated hourly using the data spanning ten days before and after each position. The 8 
light grey lines indicate the standard deviation vertically from the running average. Vertical grey dashed lines denote the 9 
peak dust period, approximately April 1 – May 15 (DOY 91-136).  The Ångström exponent of 1.3 is highlighted with a 10 
dashed vertical line for instruments. 11 
 12 
 13 
 14 
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  1 
 2 
Figure 4: A) AOD vs Ångström measurements for vis-MFRSR. The dots represent daily-averaged measurements for the 3 
entire 1999-2011 and 2013 period of observation. The red indicates all measurements made from DOY 170-225 during peak 4 
summer season. Green indicates all measurements made during DOY 91-136, spring dust peak. The gray points indicate all 5 
measurements that were not made during these spring and summer periods.  Events listed in Table 1 are shown with larger 6 
symbols; dust events are dark green, fire events are maroon. B) Relationship between hourly averaged Ångström exponent 7 
and scattering from the 2011-2013 nephelometer measurements.  The lines represent the median value of Ångström and 8 
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scattering for each scattering bin for either the Dust Peak or Summer time range. The scattering bin limits are: 1 
[1,5,10,15,20,...,95,100] and  at least 15 valid data points are required in each scattering  bin to generate a line 2 
segment.   Regional dust events from Table 1 are shown in dark green; smoke events from Table 1 are shown in 3 
maroon.  For the dust events, diamonds represent data from 2011, triangles for 2012 and squares for 2013.  For the smoke 4 
events, the Wallow fire is indicated by squares, the Front Range fire is indicated by diamonds, the NW1 fire is indicated by 5 
triangles and the NW2 fire is indicated by x symbols. 6 
  7 
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 1 
Supplemental Material:  2 
 3 
Continuous Light Absorption Photometer (CLAP) 4 
 5 
 6 
The Continuous Light Absorption Photometer (CLAP) is a NOAA/GMD developed, filter-based 7 
method that measures light absorption by particles at three wavelengths (467, 528, 652 nm). The 8 
method is a variant of the integrating plate technique in which the change in optical transmission of a 9 
filter caused by particle deposition on the filter is related to the light absorption coefficient of the 10 
deposited particles (Lin et al, 1973). The CLAP is similar to the Particle Soot/Absorption Photometer 11 
(PSAP; Bond et al., 1999). The CLAP differs from the PSAP primarily in that, instead of a single 12 
sample spot, it has 8 sample spots. Solenoids are used to switch to the next sample spot once the 13 
transmittance reaches 0.7. Thus, the CLAP can run eight times as long as the PSAP before requiring a 14 
filter change, ideal for remote sites, like SPL. 15 
 16 
Bond, T.C., T.L. Anderson, and D. Campbell, Calibration and intercomparison of filter-based 17 
measurements of visible light absorption by aerosols, Aerosol Sci. Tech, 30, 582-600, 1999. 18 
 19 
Lin, C.-I., Baker, M., and Charlson, R.J., Absorption coefficient of atmospheric aerosol: a method for 20 
measurement. Appl. Optics, 12, 1356-1363, 1973. 21 
  22 
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 1 
Table S1: Statistics for fire and dust events from nephelometer and CLAP measurements of aerosol 2 
scattering and absorption.  αNeph = angstrom exponent calculated from scattering (λ1=450 nm, λ2=700 3 
nm), BFR=backscatter fraction (back-scattering/total scattering, SSA=single scattering albedo at 550 4 
nm.  #scat=number of hours of data for scattering, #abs=number of hours of data for absorption. 5 
Fire statistics (means)      
Event 
Origin 

Scat 
(Mm-1) 

Abs 
(Mm-1) 

αNeph BFR SSA #scat #abs 

Wallow 65.25 NA 1.75 0.12 NA 68 0 
Waldo/ 
High Park 

46.45 4.20 2.40 0.15 0.92 100 100 

NW US 2 62.11 4.80 2.14 0.13 0.92 114 114 
NW US3 117.80 7.41 2.03 0.11 0.94 49 49 
Mean 72.90 5.47 2.08 0.13 0.93   
        
Dust statistics (means)      
Event Start 
Date 

Scat 
(Mm-1) 

Abs 
(Mm-1) 

αNeph BFR SSA #scat #abs 

4/22/11 16.12 NA 1.58 0.13 NA 26 0 
5/1/11 7.56 NA 1.84 0.15 NA 66 0 
5/5/11 14.32 NA 1.14 0.14 NA 141 0 
5/27/11 8.29 NA 1.30 0.14 NA 42 0 
3/7/12 17.63 1.70 1.17 0.13 0.92 48 48 
3/20/12 4.85 0.30 2.04 0.17 0.94 39 39 
3/27/12 18.63 1.39 0.63 0.12 0.93 42 42 
4/2/12 3.88 0.19 1.85 0.18 0.95 14 14 
4/7/12 18.23 1.58 1.14 0.13 0.92 90 90 
5/20/12 17.18 0.93 1.59 0.13 0.95 86 86 
5/24/12 23.22 1.16 1.52 0.13 0.95 178 178 
4/16/13 7.88 0.72 1.64 0.15 0.91 78 78 
5/25/13 13.16 0.92 1.14 0.13 0.93 18 18 
Mean 13.15 0.99 1.43 0.14 0.94   

 6 
 7 
  8 
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RESPONSE TO REVIEWER #1:  1 
 2 
The authors greatly appreciate the feedback and positive response from this reviewer.   We are pleased 3 
that the reviewer found the research worthy of publication after revision and thank the reviewer for the 4 
critical and professional feedback.  Please find our response to each of the comment from the reviewer 5 
below.   6 
 7 
Reviewer 1:  8 
Overall, the paper is well written and the observations are carefully handled. I think this is a useful 9 
summary of a large collection of observations that emphasizes the important contributions to aerosol 10 
direct radiative forcing from dust and fire events, which may increase in significance in the future. 11 
 12 
We greatly appreciate this positive feedback on this extensive effort to characterize these observations.  13 
 14 
 15 
I have the following minor comments: 16 
 17 
1. Page 21310, lines 13-17 – The Leaitch et al reference discusses measurements made at Whistler 18 
Peak and from a smaller aircraft (Cessna 207) in the vicinity of Whistler Peak. There was a Hi-Res 19 
ToF AMS at Whistler Peak, and there was a quadrapole AMS on the Cessna 207. Leaitch et al 20 
discusses the measurements from the Cessna and some of the Whistler Peak observations. The 21 
HRToFAMS data at Whistler Peak are discussed by Sun et al. (ACP, 9, 3095-3111, 2009). The C-130 22 
conducted only a couple of flights near Whistler, and the overall C-130 results are discussed by Dunlea 23 
et al (ACP). This should be corrected. 24 
 25 
Thank you for the correction.  The paper has been modified and both the Sun et al. (2009) and Dunlea 26 
et al. (2009) references have been added.   27 
 28 
This section now reads:  29 
 30 
From the comprehensive INTEX-B dataset, which included a Quadrapole Aerosol Mass Spectrometer 31 
aboard the C-130 (Dunlea et al., 2009) with a High- Resolution Time-of-Flight Aerosol Mass 32 
Spectrometer (Sun et al., 2009) and an off-line ion chromatography on the ground, Leaitch et al. (2009) 33 
concluded that coarse particles of dust accumulated sulfate, nitrate and organic material, which 34 
diminished the role of these compounds in indirect radiative forcing, but potentially enhanced their 35 
roles in direct radiative forcing.    36 
 37 
2. Page 21312, lines 18-19 – Do you mean NPF in general or NPF during the dust and fire events? 38 
Please clarify. 39 
 40 
We were indicating NPF in general and the sentence has been modified to read:  41 
 42 
Newly formed particles dominate the number concentration in general at SPL, but are too small to be 43 
optically active.  44 
 45 
 46 
3. Page 21312, lines 24-25 – Please explain the uncertainty values on these two lines. On page 21307, 47 
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there is reference to an AOD uncertainty of 0.01, which is significantly higher than the values here, 1 
and from Figure 3 it looks as if the standard deviations are also higher. 2 
 3 
 4 
The sentence referenced stated:  5 
"The average AOD for the spring is 0.069 ± 0.0002 (median = 0.061), and for the summer is 6 
0.099 ± 0.0004 (median = 0.074)”  7 
 8 
The mean for the spring and summer over the entire dataset is presented with the standard deviation 9 
around the mean for the entire dataset.  This was not intended to indicate the uncertainty.  In Figure 3, 10 
the standard deviation of the running hourly averages is presented.   11 
 12 
We have corrected the sentence to read:  13 
"The average and standard deviation of the AOD for the spring is 0.069 ± 0.0002 (median = 0.061), 14 
and for the summer is 0.099 ± 0.0004 (median = 0.074)”  15 
 16 
We also added the statement:  17 
As indicated by the low standard deviation the year-to-year season average variation in AOD is very 18 
small. 19 
 20 
4. Page 21313, line 6 – What do you mean by “further”? 21 
 22 
Thank you for the correction.  We were attempting to indicate that there is a period within the spring 23 
season where the Ångström exponent reaches a minimum.  The word further was replaced by “more 24 
significant”.  25 
 26 
5. Page 21313, lines 22-24 – You might add that here the point that neph is an in-situ measurement 27 
whereas the MFRSR is an integration of the column above. 28 
 29 
Good point!   This has been added.    The following sentence was added:  30 
Additionally, the nephelometer is an in-situ measurement made at low RH whereas the MFRSR is an 31 
integration of the ambient aerosol in the vertical atmospheric column.    32 
 33 
6. Page 21314, lines 3-7 – The month offset in the decline in the Angstrom exponent between the two 34 
measurements is interesting. Any suggestions as to why? Could it be that transport is lower earlier? 35 
 36 
The authors agree with your hypothesis that the transport of dust may be vertically inhomogeneous and 37 
vary by seasons.  At this point, we do not have enough overlapping data between the MFRSR and 38 
nephelometer at the surface to make this conclusion.  We hope to revisit this hypothesis after collecting 39 
a longer co-located dataset.   40 
 41 
7. Page 21316, lines 5-6 – Before this, you mention that the measured regional dust episodes have a 42 
mean size of about 1 um. Asian dust may have larger mean diameters (e.g. Lee, Y.-G. and Cho, C. H.: 43 
Characteristics of aerosol size distribution for a severe Asian dust event observed at Anmyeon, Korea 44 
in April 2006, J. Korean Meteor. Soc., 43, 87–96, 2007 – also, Fig. 11 of Leaitch et al.). 45 
 46 
 47 
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The authors agree with this statement and greatly appreciate this comment.  We have now included the 1 
references above.  We also want to mention another reference from Storm Peak Laboratory. During an 2 
Asian transport event (as identified by Gaseous Elemental Mercury and Carbon Monoxide ratio) at 3 
Storm Peak Laboratory the persistence of larger (2-4µm) aerosols particles were consistently aloft from 4 
April 3rd to 7th, 2007. (Obrist et al., 2008).  5 
 6 
The paper now states:  “As mentioned previously, regional dust events observed at SPL between 2009-7 
2011 had a mean dust particle size by number of approximately 1 µm.  As reported by Lee and Cho 8 
(2006) and Leaitch et al. (2009), Asian dust may have larger than1 µm mean diameter.  These finding 9 
are consistent with the smaller aMFRSR observed during Asian dust events in comparison to the regional 10 
dust storms found in this study (e.g., Figure 4a).” 11 
 12 
 13 
8. Page 21316, lines 17-18 and Figure 4 - The differences seem to be mostly at lower AODs and 14 
scattering values. Does the nephelometer measurement have greater sensitivity to smaller particles 15 
than the MFRSR? Any idea how to interpret the gray dots in Fig. 4a? 16 
 17 
We believe the reviewer is referring primarily to the “summer” data points (red dots) and comparing 18 
these data points in Figure 4a and Figure 4b.  19 
 20 
(1) It should be noted that these summer data points are not necessarily representative of fire data, they 21 
are just measurements made in the summer which is when the fires are more likely to occur. 22 
(2) The nephelometer can measure 24/7 regardless of cloudy skies or lack of sun and thus can make 23 
measurements at times when the MFRSR is unable to do so.  Therefore, those points might be 24 
representative of clean free tropospheric nighttime air, which the MFRSR cannot observe.  We expect 25 
this nighttime air to be cleaner (scattering less than 10 Mm-1), and thus may slightly flatten the curve in 26 
the nephelometer data (at the low range) in comparison with the MFRSR.  27 
(3) As the instruments were adjusted to report the similar wavelengths, we do not expect that the 28 
nephelometer is significantly more sensitive to smaller particles.  Measurement differences between the 29 
MFRSR and nephelometer might lead to the nephelometer sampling a size distribution shifted towards 30 
smaller particles than observed by the MFRSR (e.g., particle losses in the aerosol manifold (50% cut 31 
off at ~8 mm; and lower RH than ambient).   The in-situ aerosol system at SPL measures switches 32 
between sub-10 mm and sub-1 mm every 30 min providing an estimate of fine mode scattering fraction.  33 
In the summer the median fine mode scattering fraction is greater than 0.9, i.e., more than 90% of the 34 
observed scattering is due to submicron aerosol   35 
 36 
The grey points represent data primarily in the winter and fall seasons.  Overall, the winter is very clean 37 
(as indicated by primarily low AOD and low scattering observed).    We do observe pollution events at 38 
SPL during all seasons, which may explain the occasional higher AOD and higher Ångström data 39 
points.    In general, outside of coarse particle events (dust events found in the Spring), the grey points 40 
follow a pattern of increasing AOD with decreasing size.  This indicates occasional anthropogenic 41 
influence of SPL.   42 
 43 
 44 
 45 
 46 
 47 
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 1 
 2 
RESPONSE TO REVIEWER 2:  3 
 4 
The paper presents a long-term data-set of AOD and scattering data collected at the Storm Peak 5 
Laboratory in Colorado, at about 3200 m above sea level. The analysis focused mostly on dust and 6 
biomass burning smoke. Overall the paper is clear, very well written and provides a useful dataset that 7 
could be important for understanding decadal changes in the Western United States. I therefore 8 
suggest the paper to be published. I would appreciate some clarifications and maybe some mostly 9 
minor changes 10 
 11 
 12 
The authors greatly appreciate the feedback and positive response from this reviewer.   We are pleased 13 
that the reviewer found the research worthy of publication and thank the reviewer for the critical and 14 
professional feedback.  Please find our response to each of the comment from the reviewers below.   15 
 16 
1. The authors refer to the availability of absorption measurements, but then do not use the data in the 17 
analysis (see specific comments below). If absorption data are available even only for specific time-18 
periods and if they are available for different wavelengths then the data could also be used to reinforce 19 
(or reject) some of the findings and interpretations in this paper. The absorption together with the 20 
scattering data could be used to provide single scattering albedo data, a parameter of interest to the 21 
community and used for radiative forcing calculations. 22 
 23 
The reviewer is correct that including the absorption data could provide information on single 24 
scattering albedo (SSA). The reason the absorption data were not included is we were primarily 25 
focused on using parameters common to both the MFRSR column measurement and the in-situ 26 
nephelometer measurement (this is the same reason that backscattering data from the nephelometer 27 
(mentioned in point 4) were not presented.  We were not intending to present a climatology of all 28 
aerosol parameters measured at SPL.   29 
That said, we have generated plots of the SSA and backscatter fraction (BFR) similar to the plots in 30 
Figure 3 for the response to this review, as shown at the end of this document.  We do not see 31 
seasonality in the BFR.  There is some seasonality indicated in the SSA with darker aerosol (lower SSA) 32 
occurring in the winter months.   We do not plan to include this result in the paper as neither BFR nor 33 
SSA can be retrieved from the MFRSR data at SPL.  For reference, the SSA can be calculated for 34 
completely clear conditions using the diffuse irradiance of MFRSR, but this requires an ancillary 35 
measurement of the surface reflectivity using a wavelength matched MFRSR looking downward. This 36 
instrument was not installed at SPL for this experiment. Further, measurements of albedo in the non-37 
uniform terrain of a ski area would have been difficult to interpret.  We have also calculated mean 38 
values of scattering, absorption, SSA and BFR for the individual events listed in Table 1 (see below) 39 
from the nephelometer.  As noted above, we are unable to calculate these parameters from the MFRSR 40 
measurement, but this Table is now included in the supplemental materials of the paper.   41 
2. Maybe CALIOP data (even only for specific, limited events) could be used to support 42 
the interesting discussion about the vertical distribution of the aerosols? 43 
3. I think most of the discussion on the vertical distribution is focused on dust, but can 44 
the authors discuss also the biomass burning smoke vertical distribution? Could they 45 
use CALIOP here as well for selected events to strengthen the analysis? 46 
 47 
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We agree with the reviewer that CALIOP data would provide an interesting addition to the discussion 1 
of aerosol vertical distribution. CALIOP data has been explored for these purposes at other sites.   Our 2 
plan is to use the now quality assured MFRSR data for these comparisons in the future.    We’d like to 3 
use the AOD from the MFRSR as a validation product for CALIOP and MODIS, similar to the paper 4 
referenced below.  At this point evaluating CALIOP data is outside of the scope of the current paper.   5 
 6 
Bibi, Humera, et al. "Intercomparison of MODIS, MISR, OMI, and CALIPSO aerosol optical depth 7 
retrievals for four locations on the Indo-Gangetic plains and validation against AERONET data." 8 
Atmospheric Environment 111 (2015): 113-126. 9 
 10 
 11 
4. The nephelometer should also be able to measure the back-scattering, I believe. If so, it could be 12 
interesting to present also the backscattering fraction data as that is an important parameter for 13 
radiative forcing calculations and the community could benefit from sharing these data. 14 
 15 
The reviewer is correct that the nephelometer can measure hemispheric back-scattering of the aerosol 16 
from which, in conjunction with total scattering, estimates of parameters like upscatter fraction, 17 
backscatter fraction and asymmetry can be calculated (e.g., Andrews et al., 2006).  The reason the 18 
back-scatter data were not included is we were primarily focused on using parameters common to both 19 
the MFRSR column measurement and the in-situ nephelometer. 20 
That said we have generated a plot of the backscatter fraction (BFR) similar to the plots in Figure 3 for 21 
your reference. It is pasted at the end of this document below. 22 
- Methodology, page 21305, line 17: the authors mention “absorption instrument”. Maybe I missed it, 23 
but what instrument do they refer to? Using also the absorption data – if available – would add great 24 
value to the paper and help with the identification of smoke and dust, if data are available at different 25 
wavelengths. Why were the data not used? Please clarify. 26 
We didn’t describe the instrument because we didn’t use the data from it – we probably should not 27 
have mentioned it at all for simplicity. As mentioned above, we were focusing on similarities between 28 
the MFRSR and nephelometer, rather than presenting a climatology of all the aerosol measurements at 29 
SPL.   30 
The absorption instrument at SPL is a continuous light absorption photometer (CLAP) made in-house 31 
by NOAA – it is virtually identical to the Radiance Research particle soot absorption photometer 32 
(PSAP) except that instead of 1 spot it can cycle through 8 spots allowing for much longer 33 
measurement period before the filter needs to be changed which is great for remote places like SPL 34 
which aren’t visited every day. (A version of the CLAP is now being manufactured by Brechtel Inc. – 35 
they are calling it ‘tri-color absorption photometer’ (TAP)). A description of the CLAP is now included 36 
in the paper under the section titled “Nephelometer and Continuous Light Absorption Photometer”.   37 
There is now a supplemental table with the absorption data and SSA for each event.  38 
- Methodology, page 21308, line 10: explain why the nephelometer needed to be zeroed so frequently 39 
and how long each zero lasted. 40 
The nephelometer is zeroed at the top of each hour and the zero lasts 6 minutes.  This frequency of 41 
zeroes is standard operating procedure at all NOAA collaborative network surface sites.  GAW report 42 
No. 153 on Aerosol measurement procedures, guidelines and recommendations notes: The schedule for 43 
air calibrations controls the precision of the determination of the Rayleigh scattering coefficient of air, 44 
which is subtracted from the measurements to obtain the aerosol light scattering coefficient; any error 45 
here gravely affects the detection limit of the instrument.” 46 
 47 
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- Methodology, page 21309, line 5: explain why this pair of wavelengths was chosen. 1 
The neph wavelengths were chosen to get as close to the MFRSR wavelengths as possible (the neph 2 
has a narrower spectral range than MFRSR).   3 
 4 
New Table now included in the paper’s supplemental materials.   5 
Table of statistics for fire and dust events from nephelometer and CLAP measurements of aerosol 6 
scattering and absorption.  αNeph = Ångström exponent calculated from scattering (l1=450 nm, l2=700 7 
nm), BFR=backscatter fraction (back-scattering/total scattering, SSA=single scattering albedo at 550 8 
nm.  #scat=number of hours of data for scattering, #abs=number of hours of data for absorption. 9 
Fire statistics (means)      
Event 
Origin 

Scat 
(Mm-

1) 

Abs 
(Mm-1) 

αNeph BFR SSA #scat #abs 

Wallow 65.25 NA 1.75 0.12 NA 68 0 
Waldo/ 
HighPark 

46.45 4.20 2.40 0.15 0.92 100 100 

NW US 2 62.11 4.80 2.14 0.13 0.92 114 114 
NW US3 117.80 7.41 2.03 0.11 0.94 49 49 
Mean 72.90 5.47 2.08 0.13 0.93   
        
Dust statistics (means)      
Event 
Start 
Date 

Scat 
(Mm-

1) 

Abs 
(Mm-1) 

αNeph BFR SSA #scat #abs 

4/22/11 16.12 NA 1.58 0.13 NA 26 0 
5/1/11 7.56 NA 1.84 0.15 NA 66 0 
5/5/11 14.32 NA 1.14 0.14 NA 141 0 
5/27/11 8.29 NA 1.30 0.14 NA 42 0 
3/7/12 17.63 1.70 1.17 0.13 0.92 48 48 
3/20/12 4.85 0.30 2.04 0.17 0.94 39 39 
3/27/12 18.63 1.39 0.63 0.12 0.93 42 42 
4/2/12 3.88 0.19 1.85 0.18 0.95 14 14 
4/7/12 18.23 1.58 1.14 0.13 0.92 90 90 
5/20/12 17.18 0.93 1.59 0.13 0.95 86 86 
5/24/12 23.22 1.16 1.52 0.13 0.95 178 178 
4/16/13 7.88 0.72 1.64 0.15 0.91 78 78 
5/25/13 13.16 0.92 1.14 0.13 0.93 18 18 
Mean 13.15 0.99 1.43 0.14 0.94   
 10 
Table observations: Dust events tend to have lower loading (scat and abs) than fire events; Dust events 11 
tend to have lower scattering Ångström exponent than fire events (dust has bigger particles); no 12 
noticeable difference between dust events and fire events for BFR and SSA.  13 
 14 
Figure showing BFR and SSA seasonality (not included in paper or supplemental materials).  15 
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