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A B S T R A C T

Determining the relationship between columnar aerosol optical depth (τext) and surface particulate matter
concentrations (PM2.5) is desired to estimate surface aerosol concentrations over broad spatial and temporal
scales using satellite remote sensing. However, remote sensing studies incur challenges when surface aerosol
pollution (i.e. PM2.5) is not correlated with columnar conditions (i.e., τext). PM2.5 data fusion models that rely on
satellite data and statistical relationships of τext and PM2.5 may not be able to capture the physical conditions
impacting the relationships that cause columnar and surface aerosols to not be correlated in the western U.S.
Therefore, an extensive examination of the atmospheric conditions is required to improve surface estimates of
PM2.5 that rely on columnar aerosol measurements. This investigation uses datasets from both routine mon-
itoring networks and models of meteorological variables and aerosol physical parameters to understand the
atmospheric conditions under which surface aerosol pollution can be explained by column measurements in
California and Nevada during 2013. A novel quadrant method, that utilizes statistical analysis, was developed to
investigate the relationship between τext and PM2.5. The results from this investigation show that τext and PM2.5

had a positive association (τext and PM2.5 increase together) when local sources of pollution or wildfires domi-
nated aerosol pollution in the presence of a deep and well-mixed planetary boundary layer (PBL). Moreover, τext
and PM2.5 had no association (where the variables are not related) when stable conditions, long-range transport,
or entrainment of air from above the PBL were observed. It was found that seasonal categorization of the
relationship between τext and PM2.5, an approach commonly used in statistical models to estimate surface
concentrations with satellite remote sensing, may not be enough to account for the atmospheric conditions that
drive the relationships between τext and PM2.5. For all stations, winter showed the maximum average PM2.5

concentrations (14.1 μg m−3, σ = 11.6 μg m−3) meanwhile, τext reached minimum values (0.06 μg m−3,
σ = 0.04) during the same season. Conversely, spring presented the minimum average PM2.5 concentrations
(9.4 μg m−3, σ = 6.9 μg m−3) and the average values of τext during spring had the second highest values (0.11,
σ = 0.06) averaged for all stations.

1. Introduction

PM2.5 (particulate matter with aerodynamic diameter less than
2.5 μm) mass concentrations have been used to study the impact of poor
air quality on human health due to the association of fine particulate
matter (PM) with cardio-respiratory diseases and an increased risk of
mortality (Bell, 2006; Pope and Dockery, 2006; Brook et al., 2010;
Alman et al., 2016). Because the sparse number of monitoring stations
and the low spatial resolution of measurements, multiple statistical data

fusion models (Wang, 2003) use aerosol optical depth (τext) from sa-
tellite remote sensing to estimate surface PM2.5 mass concentrations
over wide areas (Liu et al., 2004, 2009). Previous studies have used
linear relationships between satellite retrievals of τext and PM2.5 to es-
timate near surface PM2.5 mass concentrations with successful results in
the eastern U.S. under specific conditions; i.e., cloud-free, low planetary
boundary layer (PBL) height, τext > 0.1, and low relative humidity
(RH) (Chu et al., 2003; Gupta et al., 2006; van Donkelaar et al., 2010).

A recent study reported large discrepancies between τext (observed
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and satellite-derived) and PM2.5 in the central and western U.S.; for
example, PM2.5 exhibited an opposite seasonal relationship with respect
to τext (Li et al., 2015). The list of challenges specific to this area, and
particularly the western U. S., is long: (1) complex terrain that induces
complicated PBL mixing and transport phenomena (e.g. fire plumes in
the troposphere) (Loría-Salazar et al., 2014); (2) transboundary trans-
port of aerosol pollution to the region (Wilkening et al., 2000; Yu et al.,
2008); (3) spatial and temporal variation of aerosol pollution within the
atmosphere and its dependence on the state of the PBL (Kossmann et al.,
1998; Chu et al., 2003); (4) difficulties and high cost of sampling the
atmosphere aloft that has limited experimental investigations designed
to fully understand vertical profiles of aerosol concentrations (Andrews
et al., 2011); (5) diverse aerosol chemical and physical compositions
(Slater and Dibb, 2004; Engel-Cox et al., 2006); and (6) low values of
τext (Engel-Cox et al., 2004).

Improvements in PM2.5 estimates from satellites retrievals of τext in
the western U.S. have been reported using “Mixed Effects” models with
land-use parameters (Lee et al., 2016) and “Non-Linear” methods
(Sorek-Hamer et al., 2013). However, a large bias in the results has
been attributed to the disproportional effects of weather patterns (e.g.
PBL mixing, relative humidity) and emission sources on the relationship
between PM2.5 and τext. Therefore, data fusion models based on purely
statistical approaches are not able to represent surface concentrations
of aerosol pollution in the western U.S. A comprehensive understanding
of the atmospheric conditions is required to explain when surface
aerosol pollution (i.e. PM2.5) can – or cannot – be explained by column
measurements (i.e. τext).

The goal of this paper is to investigate the atmospheric processes
that impact the complex relationship between τext and PM2.5 in
California and Nevada during 2013. Because of the current collections
of satellite retrievals of τext in the western U.S. are subject of multiple
sources of uncertainty (Li et al., 2015; Loría-Salazar et al., 2016), we
propose a detailed analysis of τext from “ground-truth” National Aero-
nautics and Space Administration (NASA) AErosol RObotic NETwork
(AERONET) (Holben et al., 1998), surface PM2.5 mass concentrations
from surface monitoring stations, and observed as well as modeled
aerosol light extinction coefficient (βext) to study the spatial distribution
of columnar and surface aerosol optical properties. In addition, ob-
served and modeled weather variables are used to explain the atmo-
spheric phenomena that significantly influences the relationship be-
tween AERONET τext and PM2.5 concentrations.

This research relies on multiple data sources, both from routine
monitoring networks and model results, the data sources are discussed
in Section 2. The methods for estimating aerosol optical properties, βext,
and PBL height, as well as the statistical approaches to investigate the
physical parameters governing the relationship between PM2.5 and τext
are given in Section 3. Section 4 presents the results and discussions of
seasonal averages of aerosol optical properties, βext, and the identifi-
cation of atmospheric processes that impact the complex relationship
between PM2.5 and τext. Finally, a summary of the findings is given in
Section 5.

2. Measurements and data sets

Hourly local τext (440 nm) was measured using a Cimel CE-318 sun
photometer at 12 stations located in California and Nevada (Fig. 1, red
diamonds). The hourly averages were taken from the available data
points in 1 h (counting from 0 to 59) with no restriction of data points
for 1 h. The Cimel measures direct solar and sky irradiance at nine
wavelengths and is the standard instrument used in AERONET (Holben
et al., 1998). This investigation is based on data retrieved from direct-
Sun scan at level 1 (raw data) and level 2 (quality assurance). The
majority of the data set (∼90%) was constructed using Level 2, how-
ever Level 1 (∼10%) was added to the data set during fire periods
(Loría-Salazar et al., 2016). Level 2 data associated with fires are often
flagged as clouds and removed from this level due to the spatial-

temporal variability of the fire plumes. According to Eck et al. (1999)
the absolute uncertainty of τext of AERONET τext is in the range of
0.01–0.02.

Ångström Extinction Exponent (AEE) at 440–870 nm, fine, and
coarse mode fractions (500 nm) were obtained from AERONET to dis-
tinguish the aerosol size modes. AEE represents the aerosol wavelength
dependence and qualitatively categorizes the particle size (Angstrom,
1929; Schuster et al., 2006). AERONET derives fine mode fraction using
the method explained by O'Neill et al., (2003). Coarse mode fraction
was calculating by subtracting the fine mode fraction from unity.

Surface PM2.5 mass concentrations were collected using an auto-
matic Beta Attenuation Monitor (BAM) instrument and the data was
accessed from the Environmental Protection Agency (EPA) Air quality
stations (AQS) Data Mart (Fig. 1, yellow circles). The BAMmeasures PM
mass concentrations through a size-selective inlet, a filter tape, a beta
radiation source, and a beta radiation detector (Chung et al., 2001). The
minimum detection limit of PM2.5 concentration is 2 μg m−3.

Ground aerosol light scattering coefficient (βsca) and aerosol light
absorption coefficient (βabs) were measured with a photoacoustic and
integrated nephelometer (PIN) instrument at 405 nm in Reno, NV. The
hourly averages were taken from the available data points (two points
per hour) with no restrictions of data points for 1 h. The relative un-
certainty of the scattering and absorption observations are ∼15% and
∼5% respectively (Lewis et al., 2008). Modeled aerosol light extinction
coefficients (βext,IMPROVE) from Interagency Monitoring of Protected
Visual Environments (IMPROVE) network at 550 nm was used to di-
agnose surface levels of aerosol pollution in Fresno, CA. IMPROVE was
established in 1989 and aims to model surface βext,IMPROVE in rural areas
(Malm et al., 1994; Hand et al., 2013). IMPROVE consists of 160 sites
which monitor PM2.5, PM10, and major PM species (e.g. sulfate, nitrate,
organic compounds, elemental carbon, coarse PM mass, and sea salt),
which are used to model βext,IMPROVE (Pitchford et al., 2007).

Fig. 1. Station locations in California and Nevada. Satellite image from MODIS Aqua on
July 18, 2013. Red diamonds: AERONET stations. Yellow circles: AQS sites. Purple
triangles: Balloon sounding stations. Green stars: Weather stations. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Multiple weather variables (e.g. temperature, potential tempera-
ture, wind components, planetary boundary layer height (PBLH), water
vapor mixing ratio) were modeled using the Weather Research and
Forecasting (WRF). WRF is a mesoscale numerical weather prediction
model (Michalakes et al., 1998, 2004). For our use, the WRF model had
an outer domain extending over the continental U.S. with 12 km hor-
izontal resolution, nudged with observations from weather stations as
well as balloon soundings, and an inner domain over the western U.S.
with 4 km horizontal resolution. The WRF outputs presented here are
from the inner domain. The list of the physics and dynamics options of
the WRF simulations is presented in the supplementary information
(Table S2).

Vertical potential temperature profiles from balloon soundings
(Fig. 1, purple triangles) or, in the absence of these measurements, from
the WRF model (locations corresponding to AERONET stations), were
used to determine PBLH and temperature inversions. In addition,
temperature, wind speed, and RH from weather stations (Fig. 1, green
stars) were used to evaluate meteorological conditions during the study
period.

3. Methods

This research aims to assess the relationship between columnar
aerosol optical properties (e.g. τext, fine and coarse mode fractions, and
AEE) and PM2.5 mass concentrations in California and Nevada. The
temporal domain of this study is 2013 and the data sets were classified
by season to distinguish different meteorological mechanisms that may
influence the relationship of surface PM2.5 mass concentrations and τext.
All data sets are on an hourly time resolution with the exception of
radiosonde data (one measurement per day at 0:00 UTC to calculate
mixed layer depth) and βext,IMPROVE (daily averages every three days).
Data with a finer temporal resolution than 1 h were averaged to 1 h, as
discussed in the previous section.

The steps followed in this investigation are: (1) Investigate seasonal
averages of PM2.5, τext, and AEE to study the spatial and temporal de-
pendencies of aerosol physical properties; (2) Create a regression model
between surface PM2.5 and aerosol light extinction coefficients from PIN
instrument (βext,PIN) to estimate aerosol light extinction coefficient from
regression models (βext,Regression) at AERONET monitoring stations in
California and Nevada where there is no collocated PIN; (3) Using
AERONET data and estimates of βext,PIN calculate the approximate
aerosol optical height and compare the results with PBLH; (4)
Investigate the multiple relationships between the PM2.5 and τext re-
lationship; and (5) Find physical connections related to the relation-
ships found between aerosol at the surface and aloft using an statistical
approach.

3.1. Estimation of the apparent aerosol optical height (AOH)

AOH – a length scale of the vertical extent of aerosols – can be used
to determine if aerosol plumes are contained within or above the PBL.
AOH is a ratio from columnar measurements of τext to surface ob-
servations of βext and indicates the depth from the surface to the max-
imum height in the atmosphere that aerosol pollution is present. When
most of the aerosol pollution is confined in the PBL, AOH is about equal
to the depth of PBL for all wavelengths (Loría-Salazar et al., 2014). We
define AOH as:

=AOH τ
β

(440,405) (440)
(405)

ext

ext (1)

where τext was measured using the Cimel-CE318 and βext,PIN was re-
trieved using the PIN at the Reno site by simply adding βsca and βabs
together. PIN measurements were only available in Reno, and an al-
ternative method was needed to find the surface extinction coefficient,
called βext,Regression, outside the Reno area; see below.

3.2. Regression model to estimate βext,Regression outside of Reno, NV

The AOHmodel from Eq. (1) needs column τext and surface βext,PIN to
find AOH. However, most of the IMPROVE stations are located over
rural areas where aerosol pollution concentrations and physical prop-
erties may differ significantly from the closest AERONET station.
Modeled βext,Regression were used to compensate for the lack of direct
βext,PIN measurements and therefore extend the coverage of βext over the
entire domain of interest. Using data from the Reno site, we constructed
a regression equation to describe the relationship between βext,PIN and
PM2.5.

Previous investigations have demonstrated a strong linear re-
lationship between βext,PIN and PM2.5 (Paredes-Miranda et al., 2009),
however an initial simple linear regression showed high residual errors
of the model, diminishing the quality of the model prediction over
extreme fire periods. Also, for the non-fire periods, the relationship
between βext,PIN coefficients and PM2.5 concentrations was non-linear
(Fig. S1b) and the residuals from the simple linear regression increased
in absolute value with increasing PM2.5 during fire periods (Fig. S1c).

To improve the accuracy of the βext,Regression equation, multiple re-
gression models and standard Box-Cox transformation (Kutner et al.,
2005) were used for both non-fire and fire periods. The models used
linear and quadratic terms to simultaneously stabilize the error var-
iance and normalize the error distribution. In addition, the non-line-
arity of the relationship comes from the size dependency of aerosol that
can be diurnally and seasonally dependent. The model was fit using
MINITAB 17 statistical software. For non-fire periods, βext,Regression with
units of Mm−1, is:

= − + +β nm PM PM(405 ) ( 0.000408 0.07919 1.6358)ext Regression, 2.5
2

2.5
3.7874

(2)

where r2∼ 0.51 with a p < 0.01 and a standard deviation of the re-
siduals of± 0.41 Mm−1. The domain of validity of Eq. (2) is
(0 < PM2.5 < 65 μg m−3) because as PM2.5 increases beyond the
valid domain, βext,Regression decreases as the function is non-linear.

For fire periods:

= − + +β nm PM PM(405 ) ( 0.000205 0.06543 2.1819)ext Regression, 2.5
2

2.5
3.5213

(3)

where r2∼0.77 with a p < 0.01 and a standard deviation of the re-
siduals of± 0.62 Mm−1. The domain of validity of Eq. (3) is
(0 < PM2.5 < 150 μg m−3) because as PM2.5 increases beyond the
valid domain, βext,Regression decreases as the function is non-linear. An
evaluation of the regression models is given in the supplementary in-
formation.

3.3. PBLH determination from balloon soundings and WRF

Derived PBLH from WRF was used in the absence of balloon
soundings and hourly measurements close to AERONET stations. Three
methods were used to calculate PBLH using vertical potential tem-
perature and wind shear profiles from balloon soundings and WRF: (1)
The vertical potential temperature gradient method (Stull, 1988) was
used to determine the height of the temperature inversion layer (cap-
ping layer) above a deep well-mixed PBL (often it is observed in the late
afternoon during warm periods [i.e. summer]); (2) The height at which
the potential temperature exceeds the surface potential temperature by
1.5 K method (Holzworth, 1964; Seibert et al., 2000) was used to re-
trieve convective PBL when a deep well-mixed layer was nonexistent
(often it is observed in the late afternoon during cold periods [i.e.
winter]); and (3) The bulk Richardson number method (RB∼0.2) (Stull,
1988) to quantify the stable PBL height (often observed during night
and daytime during winter). Additionally, the supplementary in-
formation (Fig. S5) provides an evaluation of PBLH derived from WRF.
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3.4. Statistical investigation of physical parameters governing the
relationship between surface PM2.5 mass concentration and τext

One-way Analysis of variance (ANOVA) with Tuckey's simultaneous
95% confidence intervals was used to investigate the impact of weather
variables (e.g. temperature, RH, wind speed from weather stations, and
PBLH from WRF) as well as aerosol properties (e.g. AEE, coarse and fine
modes fraction from AERONET, and AOH) on the relationship between
surface PM2.5 and τext. Box and whisker plots were used to study the
distribution of these variables. A more detailed explanation of the use of
these statistical methods is given in Section 4.4.

4. Results and discussion

4.1. Seasonal averages of AERONET τext, AEE, and PM2.5

Fig. 2 shows the seasonal variation of the AERONET τext at
440 nm at each location during 2013. The color scale bar and the
number next to each point represent the average τext values, meanwhile
the size of the bubbles are the standard deviation (σ). The minimum
average τext levels were measured at Table Mountain, CA. The τext
seasonal distribution at this station shows average values of 0.02
(σ = 0.02) for winter (Fig. 2a), 0.06 (σ = 0.04) for spring (Fig. 2b),
0.07 (σ = 0.08) for summer (Fig. 2c), and 0.04 (σ = 0.04) for fall
(Fig. 2d). The Fresno station had the maximum average of τext during

winter (0.18, σ = 0.08), summer (0.23, σ = 0.25), and fall (0.16,
σ= 0.12). The Pasadena, CA station presented the maximum τext values
during spring (0.17, σ = 0.09). The maximum τext recorded by
AERONET was 3.98 at Reno on August 22, 2013. This τext spike was due
to the transport of smoke from the Yosemite Rim fire (http://cdfdata.
fire.ca.gov/incidents/incidents_statsevents) to Reno. In addition, this
station presents the highest variability in summer and fall because the
heterogeneous sources of aerosol pollution ranging from local sources
to the transport of wild fire smoke from multiple locations. Fig. 3
presents the seasonal variation of the AEE (440–870 nm) in 2013.
During wintertime (Fig. 3a), Trinidad Head, CA, Monterey, CA, Santa
Barbara, CA, El Segundo, CA, La Jolla, CA, Table Mountain, and Reno,
were dominated by coarse mode aerosol (AEE< 1.2; i.e. sea salt and
dust). The other stations present values typical for urban aerosols de-
fined here as 1.2 < AEE<1.8, but additionally studies of aerosol
optical properties must be conducted in the future to obtain more in-
formation on aerosol sources. The coarse mode dominated the aerosol
optics during spring for most stations (Fig. 3b). For summer (Fig. 3c),
Trinidad Head, Monterey, Frenchman Flat, NV, Table Mountain, and
Goldstone, CA exhibited the influence of the coarse mode. AEE was
highest in some stations in Nevada and California during the summer.
The increase of AEE is related to the intensification of wildfire events
that produce submicron aerosol sizes. Fall (Fig. 3d) presented similar
conditions for AEE with respect to summer.

Fig. 4 presents the seasonal variation of the PM2.5 mass

Fig. 2. Seasonal variation of spatial τext (440 nm) in California and Nevada during 2013. Color bar and numbers represent average τext values; the bubble size represents standard
deviation. Fig. 2 a: Winter. Fig. 2 b: Spring. Fig. 2 c: Summer. Fig. 2 d: Fall. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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concentrations at all locations for 2013. The Fresno PM2.5 station pre-
sented the highest concentration for winter (Fig. 4 a; 35.4 μg m−3,
σ = 22.2 μg m−3) and fall (Fig. 4 d; 18.5 μg m−3, σ = 12.8 μg m−3).
The Goldstone station had the maximum PM2.5 concentrations during
spring (13.6 μg m−3, σ = 25.2 μg m−3) and summer (13.8 μg m−3,
σ = 15.7 μg m−3) (Fig. 4c).

According to the results in Figs. 2 and 4, there is a seasonal anti-
correlation between τext and PM2.5. During winter, τext (Fig. 2) presented
the lowest average values (0.06, σ = 0.04) and PM2.5 (Fig. 4) showed
the maximum averages (14.1 μg m−3, σ = 11.6 μg m−3). Conversely,
spring presented the minimum average PM2.5 concentrations
(9.4 μg m−3, σ = 6.9 μg m−3) and the average values of τext during
spring had the second highest average values (0.11 μg m−3, σ = 0.06)
for all stations. However, site results differ from averages results for the
entire domain. The same pattern was found by Lee et al., (2016), the
authors attributed this discrepancy to temporal variations of para-
meters such as PBLH, wildfires, transport of aerosols aloft (especially
during the spring). According to the authors, the influence of these
meteorological conditions may result in the increase of the error in their
model that estimates surface PM2.5 mass concentrations from satellite
retrievals of τext. The supplement information shows the seasonal var-
iation of the geometric averages for spatial τext (Fig. S15), AEE (Fig.
S16), and PM2.5 (Fig. S17). From these averages, it was found that the
geometric means were slightly smaller than the arithmetic averages
(Figs. 2–4) but do not change the patterns described here.

4.2. Modeled βext coefficients

Fig. 5 a presents box and whisker plots of seasonal βext,PIN and
βext,Regression at Reno and Fig. 5 b shows the scatter plot between both.
βext,Regression shows similar distributions for all seasons in comparison to
βext,PIN and the model has an overall r2 = 0.72 (p < 0.01). The un-
certainty in the βext,Regression was approximated using the relative error
from the regression. Errors of modeled βext,Regression coefficients were
computed using a 95% confidence interval for the mean value of
βext,Regression for every observation (βext,PIN) at the Reno station (Fig. 5a)
for fire and non-fire periods. The median of these relative errors was
used as an overall measure of the model relative error. The median
relative error for fire periods was 6.44% and for non-fire data was
3.33%. The relative error was also calculated using half-length of the
mean confidence interval for modeled βext,Regression divided by observed
values of βext,PIN. In this case, the median relative error for fire periods
was 6% and for non-fire data was 3.65%. Both methods yielded similar
errors for fire and non-fire periods.

Results from Fresno (Fig. 5c and 5d) were used to compare the re-
sults of βext,Regression with βext,IMPROVE because all of the instruments
(sunphotometer, PM, and speciated precursors of PM) were collocated.
βext,IMPROVE was provided every three days and therefore it was expected
to have less variability with respect to βext,Regression. In general,
βext,IMPROVE (550 nm) showed higher values than the βext,Regression
(405 nm). However, a recent publication has shown that IMPROVE

Fig. 3. Seasonal variation of spatial AEE (440–870 nm) in California and Nevada during 2013. Color bar and numbers represent average AEE values; the bubble size represents standard
deviation. Fig. 3 a: Winter. Fig. 3 b: Spring. Fig. 3 c: Summer. Fig. 3 d: Fall. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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overestimates (underestimates) βext,IMPROVE at low (high) aerosol load-
ings (Lowenthal and Kumar, 2016). In addition, βext,Regression showed
similar relationships and high correlation (r2∼0.7 p < 0.01) with
respect to βext,IMPROVE (Fig. 5c and Fig. 5d). These results suggest that
both models exhibit similar patterns but present discrepancies in the
absolute values.

4.3. Seasonal AOH model in California and Nevada and uncertainty in the
model

Fig. 6 presents the seasonal variation of AOH (440,405 nm)
(Fig. 6a), calculated PBLH from WRF (Fig. 6b) and balloon soundings
(Fig. 6c) at La Jolla, Santa Barbara, Monterey, Trinidad Head, Fresno,
Frenchman Flat, and Reno AERONET stations. The bars represent the
average values and the error bars represents the standard deviation. To
compare the AOH values at each location the PBLH is calculated using
balloon sounding data and vertical profiles of temperature and wind
speed from WRF. The PBLH values from the available balloon sounding
data and WRF are shown in Fig. 6b and 6c. Both modeled (Fig. 6b) and
observed (Fig. 6c) PBLH in coastal stations (La Jolla, Santa Barbara,
Monterey, and Trinidad Head) do not reveal strong seasonal variations.
Inland stations (Fresno, Frenchman Flat, and Reno) indicate stronger
seasonal patterns that may be related to unstable, convective conditions
during warmer months and/or entrainment due to complex

topography. Furthermore, observations of PBLH present higher average
values than the modeled averages from WRF most likely due to the fact
that the mean PBLH from WRF is from hourly data (available AOH time
periods) and the balloon sounding averages of PBLH were measured at
0:00 UTC when the convective PBL is close to maximum development.
A comparison between balloon soundings and WRF PBLH at corre-
sponding times intervals is presented in the supplementary information
(Figure S5). There are some differences between PBLH values fromWRF
and balloon soundings, especially in the variability of the datasets,
however, PBLH from WRF presents a fair agreement with balloon
soundings (r2 = 0.5; p < 0.01). Moreover, PBLH from WRF is able to
capture high PBLH episodes (more than 5 km) over very convective
summer days.

The AOH model (Fig. 6a) shows seasonal variation at all locations.
La Jolla, Santa Barbara, Trinidad Head, and Reno stations show max-
imum values of AOH during the spring. The other stations (Monterey,
Fresno, and Frenchman Flat) show similar maximum values of AOH
during spring and summer. In contrast, all stations present the
minimum averages of AOH in the winter due to stable conditions and
low PBLH that enhanced aerosol concentration at the surface.

The method for computing the uncertainty of the AOH model using
βext,PIN (405 nm) and τext (440 nm) is described by Loría-Salazar et al.,
(2014). Loría-Salazar et al., (2014) reported an AOH uncertainty range
from 200 m (when a shallow boundary layer was present) to 1000 m

Fig. 4. Seasonal variation of spatial PM2.5 (μg m−3) in California and Nevada during 2013. Color bar and numbers represent average PM2.5 values; the bubble size represents standard
deviation. Fig. 4 a: Winter. Fig. 4 b: Spring. Fig. 4 c: Summer. Fig. 4 d: Fall. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 5. Box and whisker plots of seasonal observed βext as well as modeled βext from IMPROVE and surface PM2.5. Fig. 5 a: Observed (PIN) and modeled (from surface PM2.5) βext at
University of Nevada, Reno. Fig. 5 b: Scatter plot of Observed (PIN) and modeled (from surface PM2.5) βext at University of Nevada, Reno. Dash line: 1:1 line. Fig. 5 c: Modeled βext
(405 nm) from surface PM2.5 and βext (550 nm) IMPROVE at Fresno. Fig. 5 d: Scatter plot from βext (405 nm) and βext (550 nm) IMPROVE. Dash line: 1:1 line.

Fig. 6. Seasonal variation of AOH (440-405 nm) model and calculated PBLH from balloon sounding and WRF in California and Nevada during 2013. Bar plots represents the mean values
and the error bars represent standard deviation. Fig. 6 a: AOH model. Fig. 6 b: PBLH from WRF. Fig. 6 c: PBLH from balloon sounding. Note: y-axis scale in 6.a is different than in 6.b, 6.c.
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(when a fully developed boundary layer was observed). A standard
propagation of error technique was used here to compute the relative
error of the AOH model using the relative uncertainty of τext and
βext,Regression; which were 11% and 12% for non-fire and fire periods,
respectively. Additionally, the supplementary information shows an
evaluation to corroborate that hygroscopic growth could not affect the
results of the AOH model.

It should be noted that data from different wavelengths were used as
inputs to the AOH (440,405) model. Therefore, the uncertainty of the
AOH model was also calculated according to the influence of the wa-
velength dependence in the model. By interpolating AERONET τext
(405 nm) using the AEE (380–440 nm) equation (Angstrom, 1929) and
AEE (340–440) from AERONET. The supplementary information (Figs.
S18-S20) shows τext (440 nm) interpolated to τext (405 nm) using raw
data, 1 h averages, and scatter plots with regression equations. For all
stations the regression equations show a slope of 1.1 with no intercept
(r2∼1; p < 0.01). Therefore, it was found that τext at 405 nm varies
10% with respect to the τext at 440 nm. These results imply that if AOH
(405,405 nm) would be 10% less with respect to AOH (440,405 nm). In
addition, the uncertainty of the AOH (440,405 nm) model to the AOH
(405,405 nm) model would drop from 200 m to 180 m in the minimum
and from 1000 m–900 m in the maximum uncertainty values.

4.4. Relationship between columnar τext and surface PM2.5

The variability of the data in the AOH model indicates a contribu-
tion from both surface and columnar aerosol pollution but there were
significant periods of time when transport aloft of aerosol pollution was
captured in the AOH model producing unrealistically high AOH values
(AOH » PBLH). In this regard, it is important to understand the re-
lationship between surface concentrations of surface PM2.5 and ob-
servations of columnar τext to determine the atmospheric conditions
that drove unrealistically high AOH model results, because PM2.5 and
τext are needed to calculate AOH. To this end, we developed a technique
that relies on weather variables and aerosol optical properties to un-
derstand the relationship between observations of PM2.5 and τext.

Fig. 7 presents scatter plots of AERONET τext and surface PM2.5 mass
concentrations categorized by coastal (Fig. 7a) and inland stations
(Fig. 7b) to investigate the relationship between τext and PM2.5. Both
coastal and inland stations show multiple relationships, therefore there
is not a unique linear relationship between AERONET τext and surface
PM2.5. In addition, different relationships in the data demonstrate that:
1) Both τext and surface PM2.5 increased together; 2) τext is large while
surface PM2.5 is low, and 3) surface PM2.5 is large while columnar τext is
low. These three relationships can be attributed to various physical
processes in the atmosphere, and they impact the ability to use satellite
remote sensing (spatial τext) to estimate surface PM2.5 using data fusion
models (Lee et al., 2016). It is unlikely that statistical data fusion
models alone (i.e. linear and/or non-linear) can approximate the mul-
tiples relationships observed in Fig. 7. New data fusion models require
the association of the physical processes in the atmosphere that drive
the multiple relationships found between the observations of columnar
τext and surface PM2.5 concentrations.

A novel approach is introduced here, called the “quadrant method”,
to explore the physical processes affecting the relationship between
surface PM2.5 and columnar τext. These datasets were broken up into
four quadrants. These quadrants were delineated using a threshold
PM2.5 concentration of 25 μg m−3 (PM2.5 24-h mean standard from
(World Health Organization, 2006)) and τext of 0.2 (at 440 nm) (τext of
0.2 has been used in other studies such as Sayer et al., (2014)); these
values serve as boundaries for identifying clean and polluted periods.
With these two thresholds, the data in Fig. 7a and 7b were categorized
in to four quadrants, two of which indicate positive association (PM2.5

and τext increases together); the other two show no association (where
the variables are not related):

a) Quadrant one (Q-1): PM2.5 < 25 μg m−3 and τext < 0.2, represents
low aerosol pollution at the surface and in the column. A “positive
association” case (lower left quadrant in Fig. 7a and 7b).

b) Quadrant two (Q-2): PM2.5 > 25 μg m−3 and τext < 0.2, diagnoses
high aerosol pollution at the surface and low in the column. A “no
association” case (upper left quadrant in Fig. 7a and 7b).

Fig. 7. Scatter plot of columnar τext from AERONET and surface PM2.5 during 2013. Fig. 7 a: Coastal stations (La Jolla, UCSB, Monterey and Trinidad Head). Fig. 7 b: Inland stations
(Fresno 2, Frenchman Flat, and University of Nevada, Reno). Dash lines represent the regression equations.
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c) Quadrant three (Q-3): PM2.5 > 25 μg m−3 and τext > 0.2, can be
interpreted as high aerosol pollution at the surface and in the
column. A “positive association” case and an extension of Q-1
(upper right quadrant in Fig. 7a and 7b).

d) Quadrant four (Q-4): PM2.5 < 25 μg m−3 and τext > 0.2, indicates
low aerosol pollution at the surface and high in the column. A “no
association” case (lower right quadrant in Fig. 7a and 7b).

Each PM2.5 and τext pair fell into one of the four quadrants and it was
associated with temperature, RH, wind speed (from the nearest weather
station), PBLH (from WRF), AEE, fine, coarse mode fractions (from
AERONET), and AOH results (locations in Table S3). One-way ANOVA
tests with Tuckey's simultaneous 95% confidence intervals were used to
find significant differences between the quadrants, as well as box and
whisker plots were used to investigate the variability of each physical
parameter in the quadrants. Both statistical methods were employed to
uncover physical phenomenon that can explain the behavior of τext and
PM2.5 in the quadrants. Figures S6-S-13 show the results from this
statistical test, and these results are summarized in the following
paragraphs.

A summary diagram with the coastal station findings is shown in
Fig. 8 a. The positive associated quadrants are Q-1 and Q-3, but Q-3 was
not analyzed for coastal stations because there were only 4 data points.
For the coastal stations, AEE in Q-1 (median AEE ∼0.8 and median
coarse mode fraction ∼0.5) is dominated by coarse particles more

likely coming from sea salt. Q-1 showed large PBLH, (median
∼0.2 km), wind speed (median ∼3.6 m s−1), and RH (median ∼61%)
with respect to the other quadrants. The combination of large PBLH and
the high wind speed could act as mixing and transport mechanisms
keeping the aerosol levels clean at the surface and the atmosphere aloft.
Moreover, because of the large PBLH and low aerosol concentrations,
the aerosol pollution could be diluted because of a larger air volume
compared to when the PBLH is low.

Different aerosol physical properties and weather variables im-
pacted the no-associated quadrants (Q-2 and Q-4). For example, Q-2,
AEE is dominated by coarse particles (median AEE ∼0.6 and median
coarse mode fraction ∼0.6). Q-2 also presented low values of PBLH
(median ∼0.1 km), AOH (median ∼0.2 km), temperature (median
∼12 °C), and wind speed (2 m s−1), meanwhile, the RH was high
(median ∼62%). These characteristics are related to stable atmospheric
boundary layer conditions leading to an accumulation of pollutants in
the atmosphere close to ground level (Silcox et al., 2012), and not being
representative of aerosols in the entire atmospheric column. Based on
the balloon sounding data and WRF results, the data set from Q-2 had
surface temperature inversions 43% of the time.

For Q-4, AEE indicated a domination of coarse and urban aerosols
(median AEE ∼1.1 and median fine mode fraction ∼0.6). AOH
(median ∼7.7 km) was significantly higher than PBLH (median
∼0.12 km). Q-4 also presented high wind speed (median ∼3 m s−1)
and temperature (median ∼17.8 °C). The behavior of the quadrant

Fig. 8. Summary of the physical conditions and aerosol optical properties over each quadrant (PBLH: planetary boundary layer height, AOH: apparent optical height, temp: temperature,
WS: wind speed). Fig. 8 a: Coastal stations. Fig. 8 b: Inland station. Fig. 8 c: Summary of the main atmospheric processes for each quadrant.

S.M. Loría-Salazar et al. Atmospheric Environment 171 (2017) 289–300

297



could be related to secondary aerosol formation due to the increase in
temperature and/or long-range transport of aerosol pollution
(Wilkening et al., 2000). Additionally, several other factors could be in
play, including: (1) the low PBLH could disconnect aerosol pollution at
the surface with the atmosphere aloft as AOH » PBLH, (2) the high wind
speed at ground level could keep clean conditions at the surface, and (3)
the atmosphere above the PBLH might be affected by transboundary air
pollution increasing τext. Our findings from Q-4 agree the results by Lee
et al., (2016), and provide evidence for the atmospheric phenomenon
that contributes to the increase in error in their data fusion model used
to estimate near surface PM2.5 in California.

There was more variability in the quadrants over inland stations
(Fig. 8b) than coastal stations. The inland Q-1 and Q-2 behave similar to
the ones in the coastal stations but the coarse mode most likely comes
from wind-blown dust versus sea salt. Similar results in the San Joaquin
Valley, California were found in Sorek-Hamer et al., (2016).

Q-3 (Fig. 8b) presented the highest AEE (median AEE ∼1.8 and
median fine mode fraction ∼0.95), PBLH (median ∼0.6 km), and high
RH (median ∼37%). Because of the presence of fine particles and the
increase of RH, this quadrant could be dominated by the presence of
aerosol pollution coming from wildfires such as the American River and
Yosemite Rim fires (Peterson et al., 2014). Finally, Q-4 was dominated
by urban and fine aerosol sizes (median AEE ∼1.7 and median fine
mode fraction ∼0.88) with high temperature (median ∼32 °C), AOH
(median ∼7 km), wind speed (median ∼2.5 m s−1), and a lower PBLH
(median∼1 km) with respect to Q-3. Q-4 could be affected by transport
of pollution from California and/or Eurasia as well as aerosol entrain-
ment due the forcing mechanism between the atmosphere and complex
terrain leading to entrainment from aloft.

Using visual inspection from the Moderate-resolution imaging
spectroradiometer (MODIS) instruments on board Terra and Aqua sa-
tellites in the visible spectrum (https://worldview.earthdata.nasa.gov/
), it was possible to see long-range transport of mineral dust from Asian
deserts to California and Nevada. These visible images confirm the re-
sults obtained from Q-4 for both coastal and inland stations, especially
over the spring when AOH (Fig. 6a) reached the largest average values
implying that aerosol increased in the column and remained low at the
surface.

From the quadrant results, it would be unwise to assume that sur-
face levels of PM2.5 can be inferred using columnar τext because they do
not increase together. However, it would be reasonable to use τext as a
predictor of PM2.5 over fires periods during the summer, when the at-
mosphere presents a lot of mixing causing PM2.5 and τext to increase
together.

Regression models based on seasonal variation of τext and PM2.5 are
part of efforts to statistically account for the temporal and spatial
variability of τext and PM2.5 (Lee et al., 2016). However, using the
quadrant method categorization on a seasonal scale shows that there is
not a strong connection between season and the behavior of aerosol
pollution within the quadrants (Fig. S14). These results imply that it is
possible to observe similar relationships between τext and PM2.5 across
all seasons (Fig. S14). Therefore, seasonal classification alone of the
datasets does not account for the physical phenomenon that produces
the multiple relationships between τext and PM2.5. To address this lim-
itation, it would be useful to create a multi-function data fusion model
with different statistical domains. This new model must take into ac-
count the physical processes between aerosol pollution at the surface
and aloft – as described here. Additionally, statistical data fusion
models with land use regression parameters must select the covariates
accounting to the previous mentioned atmospheric processes.

5. Summary

The goal of this research is to identify the atmospheric processes
that impact the complex relationship between columnar aerosol optical
depth (τext) and surface particulate matter concentrations (PM2.5). We

used a combination of observed and modeled weather variables, as well
as aerosol optical physical parameters from different data, to study the
discrepancy between surface levels of aerosol pollution and the condi-
tions in the atmosphere column. We incorporated observations and
modeled variables in California and Nevada during 2013. We found:

1. Table Mountain, CA had the lowest levels of τext during 2013.
Fresno, CA (winter, summer, and fall) and Pasadena, CA (spring)
showed the highest levels of τext and surface PM2.5 during 2013. The
Reno, NV AERONET station reported the largest value of τext due to
the transport of wildfire plumes coming from the Yosemite Rim and
American River fires. In addition, the Ångström Extinction Exponent
(AEE) presented large variability, suggesting a dominant coarse
mode, or a dominant fine mode, or a combination of the two. Coarse
particles most likely were coming from sea salt (coastal stations)
such as the case reported in Kassianov et al., (2012) and wind-blown
dust (inland stations) such as the case reported by Sorek-Hamer
et al., (2016), especially in spring. Fine mode particle size was found
especially over the summer and fall seasons due to the impact of
wildfires such as the case studied by Peterson et al., (2014).

2. All stations experienced situations when there is no association be-
tween τext and PM2.5. Average over all stations, τext reached the
lowest average values during winter and the highest average values
during summer. Meanwhile, PM2.5 in winter represented the most
polluted season and spring was the least.

3. Light extinction coefficient (βext,PIN) measurements and surface
PM2.5 present high correlation under non-fire and fire periods at the
Reno station; the high correlation facilitated the creation of re-
gression models to estimate βext at other locations in California and
Nevada for fire and non-fire periods during 2013. The median re-
lative error of βext,Regression for fire periods was 6.44% and 3.33% for
non-fire periods.

4. The Apparent Optical Height (AOH), based on βext,Regression and τext,
reached maximum values during spring or summer and minimum
values during winter. The relative error of the AOH model was
found to be 11% and 12% for non-fire and fire periods respectively.
The unrealistically high results of the AOH model were likely due to
temporal parameters that affected the relationship of τext and PM2.5

in opposite directions; high τext (from columnar observations) while
βext,Regression (from surface PM2.5 observations) remained low.

5. The novel quadrant method developed here, was used to understand
the relationship between τext and PM2.5. These four scenarios have
been identified as low levels and local sources of aerosol pollution
(Q-1), stable atmospheric conditions (Q-2), transport of smoke
plumes at the surface (Q-3), and transport of pollution and/or en-
trainment from the mountains in the atmosphere aloft (Q-4). With
the use of this quadrant method, it is possible to better understand
the atmospheric phenomenon that governs the relationship between
columnar τext and near surface PM2.5. Therefore, by incorporating
the physical connections that impact the relationship between τext
and PM2.5 should be possible to improve data fusion models to gain
better estimates of PM2.5 mass concentrations.

6. The positive association (PM2.5 and τext increases together) quad-
rants (Q-1 and Q-3) showed different physical aerosol properties. Q-
1 dominated by coarse mode (coastal stations likely coming from sea
salt and inland stations from wind-blown dust) and Q-3 dominated
by fine mode aerosol (from fires) and different weather patterns.

7. The no association (where the variables are not related) quadrants
(Q-2 and Q-4) were also impacted by different aerosol modes and
meteorological phenomena. While Q-2 presented features of stable
PBL conditions leading to accumulation of aerosol pollution close to
ground level, Q-4 showed the evidence of long-range transport or
the separation between the PBL and aerosol aloft.

8. We want to urge the use of the quadrant method described here to
identify positive and no association relationships between surface
PM2.5 and columnar τext and incorporate the findings into data
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fusion models that aim to estimate spatiotemporal surface PM2.5
concentrations using satellite retrievals of text.

With the above points in mind, we conclude that it is possible to
determine the conditions under which PM2.5 and τext have positive or no
association. With the understanding of different atmospheric physics
and aerosol pollution emissions scenarios and the relationships between
them that impact surface PM2.5 and columnar τext, it should be possible
to improve estimates of near surface PM2.5 in the western U.S. Because
of the complexity of this region, it is important to investigate the at-
mospheric conditions according to various atmospheric scenarios be-
fore conducting health effects studies or risk assessments that rely on
data fusion models and aerosol retrievals from satellite remote sensing.
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