
1.  Introduction
Air quality (AQ) awareness has increased in the past several decades because of the growing body of lit-
erature citing adverse impacts of aerosol pollution on human health (Alman et al., 2016; Lim et al., 2012) 
and the impacts of aerosols on climate change by altering Earth's radiative budget (Stocker et al., 2013). 
Ground-based monitoring networks have been established with the aim of measuring surface (Pitchford 
et al., 2007) and column-integrated loadings of particulate matter (PM) and aerosols, respectively (Snider 
et al., 2015). Monitoring stations are considered “ground-truth,” but they are a single point of observation 
and offer limited information about meso and synoptic scales of aerosol pollution (Gupta et al., 2006; Hoff 
& Christopher, 2009).

Satellite characterization of aerosol pollution improves the spatial and temporal sampling as many locations 
have few or no existing stations (Hoff & Christopher, 2009; Streets et al., 2013). Models have been developed 
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to relate observations of columnar aerosol optical depth (AOD) and surface PM2.5 (PM with an aerodynamic 
diameter smaller than 2.5 μm) based on empirical relationships (Gupta et al., 2006; Hu et al., 2014; Murray 
et al., 2019; Nabavi et al., 2019; Wang & Christopher, 2003). These empirical models, based on linear and 
non-linear regressions, have shown lower uncertainties in predicted PM2.5 in the eastern USA compared 
to other locations due to the strong association between AOD and PM2.5 in this region (e.g., Li et al., 2015). 
However, in the western USA, these models are challenged by complex atmospheric physics and air pollu-
tion characteristics (Li et al., 2015; Loría-Salazar et al., 2017; Pierce et al., 2019).

Aerosol pollution in the western USA is characterized by wildfires, anthropogenic emissions, and biogenic 
emissions (Griffin et al., 1999; Hoffmann et al., 1997) that mix with urban air and transboundary pollu-
tion from Eurasia (Parrish et  al.,  2010; Pierce et  al.,  2018). Severe droughts in recent years (2006–2017 
and again in 2020–2021) have driven an increasing number of wildfires (Crockett & Westerling, 2017; Ko-
gan & Guo, 2015), especially in California (Blunden & Arndt, 2020; Stephens & Collins, 2004; Stephens & 
Fry, 2005; US Drought Monitor, 2020; Westerling, 2016; Westerling et al., 2006). Because of high tempera-
tures, earlier snowmelt, less rainfall, and drought conditions, thousands of acres in the western USA have 
been affected by multiple fires generating vast amounts of aerosol pollution (Bian et al., 2020; Brewer & 
Clements, 2020; Scasta et al., 2016). The smoke plumes produced by those fires undergo complex aerosol 
transport processes typical of the western US, leading to a potential disconnect between aerosol measure-
ments at the surface (i.e., PM2.5 concentrations) and the aerosol concentrations aloft (Wilkins et al., 2020). 
Smoke plume injection, boundary layer mixing, and entrainment aloft can disperse the smoke plumes into 
the free troposphere.

Wildfires are important to maintain the ecological equilibrium of the landscape in the western USA. How-
ever, smoke exposure is a growing global public health problem, which especially affects vulnerable popula-
tions (Cascio, 2017). In general, satellite-based AQ studies are challenged during fire periods for a number 
of reasons: (a) the difficulties of satellite algorithms in detecting small fires diminishes the accuracy of satel-
lite-derived AQ studies (Hao & Larkin, 2014); (b) large fire events can produce pyrocumulus clouds, which 
in turn can prevent AOD retrievals (Peterson et al., 2014, 2017); (c) high surface reflectance, which can 
increase AOD retrieval uncertainty; (d) a wide variety in smoke optical properties, leading to regional biases 
in retrievals (Eck et al., 2013; Sayer et al., 2014); and (e) satellite retrieval pixel selection criteria, which 
can lead to unintended exclusion of high-AOD, heterogeneous aerosol plumes (Loría-Salazar et al., 2016; 
Lyapustin et al., 2018; Shi et al., 2019). In addition, using satellite-derived aerosol products has led to an 
underestimation of aerosol concentrations during fire cases (Saide et al., 2015). Unresolved uncertainties 
in modeling the AQ associated with wildfires (e.g., statistical data-fusion, chemical transport modeling) 
include capturing how wind patterns transport the smoke from a wildfire to other areas and quantifying 
its potential health impacts (e.g., Wilkins et al., 2020). Specific to chemical transport models (CTM), these 
challenges are related, in part, to the high uncertainties in both the smoke plume injection height and ver-
tical distribution of smoke (i.e., aerosols or PM) concentration used to estimate the wildfire emissions (Liu 
et al., 2018, 2019; Paugam et al., 2016; Wilkins et al., 2018).

New versions of aerosol products from the MODerate Resolution Imaging Spectroradiometer (MODIS) 
and Visible Infrared Imaging Radiometer Suite (VIIRS) instruments showed a better characterization of 
wildfire smoke from remote sensing platforms with respect to previous collections (Hsu et al., 2019; Sayer 
et al., 2019). This study analyzes the new NASA MODIS and VIIRS Deep Blue (DB) and MODIS Collection 
6 (C6) Multi-Angle Implementation of Atmospheric Correction (MAIAC) aerosol products, fire radiative 
power (FRP), and Aerosol Single scattering albedo and layer Height Estimation (ASHE) satellite algorithms 
over extreme wildfire smoke events in August 2013. The main goal is to evaluate NASA MODIS and VIIRS 
aerosol loading and PIH products using ground-based sun photometry and lidar data. In addition, a com-
parison between MODIS and VIIRS fire intensity products is included to understand the differences be-
tween the retrievals of the two satellite instruments.

Multiple data sources from both routine monitoring networks and satellite aerosol products, discussed in 
Section 2. Section 3 presents a new metric to assess the aerosol pollution at the surface versus aloft down-
wind from sources such as wildfires. Section 4 analyzes the spatial-temporal distribution of the satellite 
retrievals. Section 5 presents an evaluation of satellite smoke plume injection height retrievals and their 
relevance for AQ modeling. Sections 6 and 7 gives a summary of the findings.
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2.  Instruments, Datasets, and Atmospheric Models
This research used ground-based measurements (aerosol parameters and weather variables), satellite aer-
osol retrievals, and model outputs to investigate and evaluate the horizontal and vertical extent of smoke 
from wildfires in the western USA during August 2013.

2.1.  Ground-Based AQ Measurements

Ground-based AOD measurements from the NASA AERONET Network were used to evaluate the satel-
lite AOD (Holben et al., 1998, 2001). The Cimel CE-318 is the standard instrument used in AERONET to 
retrieve AOD. Direct solar irradiance at 440, 500, and 675 nm were measured using the Cimel CE-318 sun 
photometer at 13 AERONET sites in California, Nevada, Montana, Colorado, and New Mexico (Figure 1, 
circles; for locations and elevations of each station, see Table SI.1). Original spectral AOD datasets from 
AERONET (version 3) were interpolated to 550 nm (Eck et al., 1999). AERONET AOD absolute uncertainty 
in the mid-visible is ∼0.01 (Eck et al., 1999). See Giles et al. (2019) for improvements in this recently re-
leased version 3 of the AERONET record.

Ground-based lidar measurements were used to evaluate satellite-derived plume injection height (PIH). 
Total attenuated backscattering was measured using a ground-based Doppler lidar (Halo Photonics, Ltd., 
Streamline 75) from the California State University Mobile Atmospheric Profiling System (CSU-MAPS; 
Clements & Oliphant, 2014). In addition, lidar signal data from a Micro Pulse Lidar (527 nm with no polari-
zation; Campbell et al., 2002) at the Trinidad Head site was collected as part of the NASA Micro-Pulse Lidar 
Network (MPLNET; Welton et al., 2001). MPLNET is an international network designed to measure aerosol 
and cloud vertical structures and boundary layer depth.

Surface PM2.5 mass concentrations were collected using an automatic Beta Attenuation Monitor (BAM) 
from the regulatory monitoring networks maintained by the local AQ management agencies. The data were 
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Figure 1.  Monthly averages and standard deviations (STD) of satellite AOD products (mapped data) and AERONET (circles) during August 2013. The 
AERONET stations selected had at least 70% temporal coverage. (a–d) Monthly averages of algorithms for Deep Blue (DB) MODIS C6, DB Col. MODIS 6.1, DB 
VIIRS, and MODIS MAIAC. (e–h) Monthly standard deviations of algorithms for DB MODIS C6, DB Col. MODIS 6.1, DB VIIRS, and MODIS MAIAC. AOD, 
aerosol optical depth; MAIAC, multi-angle implementation of atmospheric correction; MODIS, MODerate Resolution Imaging Spectroradiometer; VIIRS, 
Visible Infrared Imaging Radiometer Suite.
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accessed from the US Environmental Protection Agency (EPA) AQ System (AQS) for Fresno, CA (36.79°N, 
−119.77°W), Trinidad Head, CA (41.05°N, −124.15°W), and Reno, NV (39.53°N, −119.81°W). The BAM 
measures PM2.5 mass concentrations through a size-selective inlet, a filter tape, a beta radiation source, and 
a beta radiation detector (Chung et al., 2001). The lower detection limit for PM2.5 concentrations using the 
BAM instrument is 2 µg m−3.

2.2.  Planetary Boundary Layer Height

Planetary boundary layer height (PBLH) was modeled using the Weather Research and Forecasting (WRF) 
model, a mesoscale numerical weather prediction model. For our use, the WRF model had an outer do-
main extending over the continental USA with 12-km horizontal resolution, nudged with observations from 
weather stations as well as balloon soundings (Michalakes et al., 1998, 2004). Where available, the vertical 
potential temperature profiles from balloon soundings were also used to determine the PBLH. The vertical 
potential temperature gradient method was used to determine the height of the temperature inversion layer 
(capping layer) above a deep, well-mixed planetary boundary layer, as is often observed in the late afternoon 
during warm periods, such as summer (Stull, 1988). Details of the boundary conditions (NAM 12-km reso-
lution), land-surface data set (USGS), and the WRF model configuration are in Loría-Salazar et al., (2017). 
The results of the WRF model evaluation are in Figures SI.4–SI.23. Locations and elevations of each bal-
loon sounding station and further comparisons of PBLH from WRF outputs and balloon soundings are in 
Table SI.1.

2.3.  AOD From Satellite Retrievals

We used AOD retrievals at 550  nm from both MODIS sensors (on board the Terra and Aqua satellites) 
and the VIIRS sensor on the Suomi National Polar-orbiting Partnership (SNPP) satellite. Terra has a 10:30 
daytime local solar Equatorial crossing time; Aqua and SNPP have 1:30 p.m. local solar Equatorial crossing 
times, but are on different orbital cycles.

Several NASA aerosol products are available from these sensors. First, we used the recently released MODIS 
Terra and Aqua Collection 6.1 (C6.1) and SNPP VIIRS version 1 Deep Blue (DB) (Hsu et al., 2019) data sets. 
We also used the previous MODIS Collection 6 (C6) DB, to examine the effect of algorithm updates between 
the two versions on the AOD. Validation of these DB datasets was performed in Sayer et al. (2013, 2019) and, 
as recommended there, we only used retrievals with the highest quality flags (2 and 3). Second, we used the 
current MODIS Terra and Aqua C6 MAIAC data set (Lyapustin et al., 2012, 2018). The AOD is provided at 
nominal 10 × 10 km2 horizontal pixel size at nadir from MODIS DB, 6 × 6 km2 from VIIRS DB (with pixel 
sizes increasing for off-nadir views), and on a 1 × 1 km2 uniform grid from MAIAC. The NASA Dark Tar-
get algorithm was not used in this investigation because of its known performance limitations at retrieving 
AOD over bright surfaces, which are common in the western USA (Loría-Salazar et al., 2016).

The DB algorithm performs aerosol retrievals on individual MODIS and VIIRS pixels. Surface reflectance 
is assumed from climatological database over stable (typically arid) locations, and from a dynamic spectral 
surface reflectance model over other (typically vegetated) surfaces (Hsu et al., 2019). In contrast, MAIAC 
composites MODIS Terra and Aqua data in time and, under the assumption that surface reflectance is fairly 
temporally stable, simultaneously retrieves atmospheric aerosol and surface reflectance properties for the 
composited data. Both algorithms make regional and seasonal assumptions about some aerosol properties 
(e.g., size and absorption).

For simplicity, uncertainties for these AOD retrievals are often expressed as an “expected error” (EE). The 
goal is that the EE encompasses ±1 standard deviation (about 68%) of matchups with AERONET (Giles 
et al., 2019; Sayer, 2020). For DB AOD at 550 nm this goal EE is ±(0.05 + 0.2xAOD); for C6 DB about 80% 
of retrievals in the western USA fell into this envelope (Hsu et al., 2013; Sayer et al., 2013), while for C6.1 
and VIIRS 83%–84% do (Sayer et al., 2019). This implies that the true EE in this region is somewhat lower 
than the global goal. For MAIAC, Lyapustin et al., (2018) concluded that the EE for AOD at 550 nm in the 
western USA region is ±(0.034 + 0.13xAOD).
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2.4.  Aerosol Back Scatter Products From Satellite Retrievals

Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)-attenuated backscatter profile data were col-
lected from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite, Ver-
sion 4, to study vertical aerosol distribution. Profile data consist of total attenuated backscatter coefficient at 
532 nm and depolarization ratio from the CALIOP 5-km aerosol profile product (Kim et al., 2018). To extract 
the backscatter signal associated with aerosol features from these profiles, we screened out all features that 
either were not aerosols (feature type and subtype equal to 3) or that had low confidence that the feature 
was an aerosol (cloud-aerosol discrimination score >−20).

2.5.  Satellite-Derived Plume Injection Height (PIH)

Three PIH datasets were used in this study (a) MAIAC, (b) MODIS ASHE, and (c) VIIRS ASHE. ASHE 
uses satellite inputs from MODIS or VIIRS (AOD and Ångström exponent, AE) in combination with Ozone 
Monitoring Instrument (OMI) or Ozone Mapping and Profiling Suite (OMPS) UV aerosol index (UVAI), as 
well as (optionally) CALIOP aerosol layer height (Lee et al. 2015, 2016). Here, references to MODIS ASHE 
indicate the combination of MODIS AOD/AE and OMI UVAI, while references to VIIRS ASHE indicate 
VIIRS DB AOD/AE and OMPS UVAI. ASHE can provide aerosol height over broad areas, including both 
near-source and transported plumes, complementary to existing datasets. The algorithm can be applied to 
absorbing aerosols, including smoke, dust storms, and volcanic ash (Jeong & Hsu 2008; Lee et al., 2015). 
Aerosol single scattering albedo (SSA) must be assumed, unless CALIOP data are used as input, in which 
case a scene-average SSA is retrieved in addition to aerosol height. The EE envelope for plume height is 
expected to be ±1 km for well-characterized (in terms of aerosol loading and SSA), optically thick plumes 
(Lee et al., 2016).

The C6 MAIAC algorithm uses thermal contrasts (at 11 μm) between the smoke plume and smoke-free 
background, then assumes an average lapse rate (6.5 C km−1) to evaluate an effective plume height. The 
thermal contrast is created by the absorption of gases emitted during the combustion phase and their en-
trainment into the rising plume. This method is used because fine-mode smoke aerosol is transparent at 
11 μm. A PIH is computed when smoke is “thick enough”; that is, AOD ≥0.8 at 470 nm. The MAIAC thermal 
technique has been validated against both stereoscopic Multi-angle Imaging SpectroRadiometer (MISR) 
MINX and CALIOP lidar data (within about 500 m) near plume sources such as active fires; however, the 
method is unreliable for smoke transported further away from sources (Lyapustin et al., 2020).

2.6.  MODIS Fire Radiative Power

The NASA MODIS and VIIRS fire detection FRP product (Giglio et al., 2016) was used to estimate biomass 
burning frequency and power during the month of August 2013 at the satellite overpass times. The detec-
tion algorithm identifies pixels which contain one or more active fires using the brightness temperature 
(BT) at three spectral channels for daytime (nighttime) at 0.65, 0.86, and 2.1 μm (4, 11, and 12 μm) at 1 km 
resolution. FRP is then estimated from the 4 μm BT (Giglio et al., 2016). FRP is included in this investigation 
because multiple emission inventories use FRP to parameterize biomass burning (i.e., wildfires, prescribed 
burning, and agricultural burning) intensity, and emissions (e.g., Fisher et al., 2020; Kaiser et al., 2012).

2.7.  MODIS Albedo Retrievals

The effect of surface reflectance on the satellite AOD retrievals was investigated using white-sky (Lamber-
tian) surface albedo at 650 nm from the operational MODIS Bidirectional Reflectance Distribution Func-
tion (BRDF) and albedo products (Schaaf et al., 2002). These combine MODIS Terra and Aqua observations 
provide BRDF parameters and albedo every 16 days at 1 km resolution. Previous investigations showed that 
surface reflectance hotspots not captured in AOD retrieval algorithm surface parameterizations can lead to 
unrealistically high AOD retrievals (Boehmler et al., 2018; Huang et al., 2021; Loría-Salazar et al., 2016). 
These unrealistically high AODs can be misinterpreted as extreme aerosol events such as smoke from wild-
fires. For this reason, this investigation qualitatively compares AOD hotspots with those from surface reflec-
tance during the study period.
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2.8.  HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) Model

The HYSPLIT model was used to investigate complex plume dynamics and vertical wind shear in the at-
mosphere. HYSPLIT 24-h back-trajectories were computed using the North American Model as a meteoro-
logical input, with a 12-km grid resolution. HYSPLIT was run for August 31, 2013 to cover an episode of the 
Rim Fire to study the complex aerosol transport and dispersion over mountainous terrain during that time 
(Draxler & Rolph, 2013; Peterson et al., 2014).

2.9.  Data Processing for Pairing Datasets in Space and Time

To synchronize the datasets in space and time, hourly averages of some datasets were created. The PM2.5 
and PBLH from WRF have an hourly time resolution, whereas the AERONET AOD were averaged to a 1-h 
resolution. This was done with no restrictions on the number of data points (minimum of one data point per 
one hour) and calculated from the available data points within each hour (counting from 0 to 59 min). Due 
to the overpass time of satellite products and launch frequency of radiosonde (00:00 UTC), those datasets 
have a one-daytime measurement per day (potentially two for VIIRS).

A second averaging process was performed to co-locate the AERONET data with DB and MAIAC. Following 
the commonly used convention, AERONET AOD was averaged over a 30-min window centered at the time 
of the satellite overpass while the satellite AOD was averaged using a 25 km radius around the AERONET 
station (Hsu et al., 2019; Loría-Salazar et al., 2016; Sayer, 2020). AERONET AOD was converted from 500 to 
550 nm using the AE (Angstrom, 1929; Eck et al., 1999).

The bulk (>95%) of the AERONET AOD was taken from the Level 2 (cloud screened and quality assured) 
data set. To counter the rare overscreening of highly variable smoke in in this product, Level 1 (unscreened) 
data were added back to the final data set used during the active fire periods using the fire-filter algorithm 
of Loría-Salazar et al. (2016).

3.  Smoke Height Boundary Layer Ratio (SHBLR)
A first-order approach, which we call the Smoke Height Boundary Layer Ratio (SHBLR), was developed 
to distinguish whether emitted/transported smoke was likely to reach ground level or was confined to the 
free troposphere. The SHBLR was determined using the model terrain elevation and PBLH (WRF) in con-
junction with the PIHs (MAIAC: Terra and Aqua; ASHE: run without CALIOP, assuming SSA = 0.88). The 
PBLH for each WRF grid was the mode of the time of each overpass. This was done because multiple points 
from the satellite retrievals were used to match the WRF grid in the spatial averaging process. This method 
assumes that the PBLH does not differ significantly within one hour  of the satellite overpasses, and that 
the PBL is well mixed. This assumption would not hold near sunrise and sunset, because the PBL varies sig-
nificantly over those periods, especially the PBLH. However, the satellite overpass times were within a few 
hours of local solar noon. For each MAIAC and ASHE product, the PIH was spatially averaged to match the 
horizontal resolution of the WRF grid. The ASHE product provides the PIH above sea level, so the terrain 
elevation was subtracted using the WRF terrain height. We defined the SHBLR as follows:


PIHSHBLR

PBLH
� (1)

If the SHBLR is close to or less than 1, it implies that the wildfire smoke plumes were confined within the 
PBL. A smoke plume in the PBL indicates potential health effects due to smoke exposure because of the 
vertical mixing throughout the boundary layer. This leads to well-mixed conditions where the smoke emis-
sions lead to a homogeneous distribution of aerosol concentrations from the surface throughout the PBL. 
If the SHBLR is larger than 1, the smoke plumes that were injected into the free troposphere (i.e., above the 
PBL) did not necessarily reach ground level. In this case, AOD and surface PM are likely to be less strongly 
coupled (Loría-Salazar et al., 2017​; Pierce et al., 2018).
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4.  Results
4.1.  Spatial Distribution and Evaluation of AOD From Ground-Based Sunphotometry and 
Satellite Retrievals

Figure 1 shows the spatial monthly averages and standard deviation (STD) from DB and MAIAC and from 
AERONET AOD (circles) during August 2013, and Figure SI.1 shows the location of the fires with respect 
to the AERONET stations. The monthly averages and STDs of AOD from AERONET remained clean 
(AOD < 0.1) over areas not affected by smoke, and increased over regions impacted by smoke plumes. For 
both monthly averages and STDs of satellite retrievals, AOD ranged from ∼0.01 to ∼0.7. This result indicates 
potential low aerosol pollution (AOD < 0.1) in the absence of smoke, and regions with poor AQ in the pres-
ence of smoke that increased AOD (AOD > 0.5), especially over California, Oregon, Idaho, and Montana. 
Of the four algorithms, DB from the VIIRS instrument showed the largest AOD hotspots (Figures 1c and 1g) 
from smoke areas (AOD > 0.5).

Figure 2 shows the differences (C6.1 minus C6) from AOD monthly averages (Figure 2a) and STDs (Fig-
ure 2b). For context, a MODIS surface albedo map is provided (Figure 2c) to demonstrate algorithm im-
provements concerning smoke/cloud discrimination between these two versions related to surface cover 
(Hsu et al., 2019). For this case, the positive differences from the monthly averages and STDs represents the 
improvement in the smoke detection algorithm in C6.1 (i.e., less overscreening of variable wildfire smoke 
as cloud). The negative differences show a reduction of known retrieval artifacts at certain locations (dry 
lakes and heterogeneous terrain) in the DB AOD algorithm for C6.1, due to incorrect surface reflectance 
assumptions (Loría-Salazar et al., 2016; Sayer et al., 2019).

Table 1 shows the spatial-temporal statistical summary of AERONET, MODIS DB C6, MODIS DB C6.1, 
VIIRS DB, and MAIAC AOD during August 2013. For the entire period and at all stations, the AERONET 
AOD ranged from 0.01 to 2.49. (mean = 0.13, median = 0.08, STD = 0.17), implying high aerosol loading in 
areas affected by wildfire smoke. The summary statistics for the DB from MODIS were similar to those for 
AERONET, while those for the DB from VIIRS retrieved higher AOD values compared to AERONET (VIIRS 
DB AOD = 3.88, AERONET AOD = 2.49). The MAIAC AOD showed less variability than both AERONET 
and the DB algorithms. The low bias in C6 MAIAC AOD probably resulted from both the lack of a higher 
absorption smoke aerosol model and the use of the regional background aerosol model for AOD retrievals 
in the case of detected smoke. The asymmetry of these summary statistics (i.e., means and often standard 
deviations were larger than the median values) indicate that the overall AOD distribution was skewed: typ-
ical low-AOD background conditions, punctuated by periods of elevated aerosol loading from, for example, 
wildfire smoke.
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Figure 2.  (a) Monthly averages and (b) standard deviations (STD) of the differences in AOD, defined as C6.1 minus C6, between the two MODIS DB 
versions during August 2013. (c) Monthly average of MODIS surface albedo at 650 nm. AOD, aerosol optical depth; MODIS, MODerate Resolution Imaging 
Spectroradiometer.
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Figure 3 shows scatterplots of MODIS AOD retrievals and AERONET AOD over 12 stations; the stations 
are split either by site (upper row) or into non-fire and fire periods (lower row). Table 2 shows the number 
of data points (N), normalized mean square error (NMSE), root mean square error (RMSE), and coeffi-
cient of determination (r2), where r2 = 1, RMSE = 0, and NMSE = 0 indicate perfect agreement. The set of 
equations can be found in the SI (Equation 1–6) of Loría-Salazar et al., (2016). These evaluation metrics are 
commonly used to evaluate AQ model performance (Appel et al., 2011; Chang & Hanna, 2004; EPA 454/R-
08-003, 2008; Loría-Salazar et al., 2016; Simon et al., 2012; Wilkins et al., 2018).

Overall, the C6 MAIAC algorithm presented the lowest NMSE (0.42) and RMSE (0.1) as well as the highest 
r2 (0.84). DB C6.1 and VIIRS showed a significant improvement with respect to C6 (C6.1: r2 = 0.75, VIIRS: 
r2 = 0.79, compared to C6: r2 = 0.62). For MODIS C6.1, there was a moderate drop in NMSE and RMSE, 
and for VIIRS DB, NMSE was higher (1.37), implying that although AOD can capture the spatiotemporal 
variability of the data, its magnitude was overestimated, at least during this event (Table 2).

4.2.  Spatial Assessment of NASA Fire-Related Satellite Products

Figure 4 shows the monthly averages and daily counts of FRP at 1 × 1 km2 resolution along with their 
respective histograms during August 2013. As expected, FRP presented lower values during the morning 
overpass (Terra) than the afternoon overpasses (Aqua, VIIRS). This difference is partially attributed to 
the change in the dynamics of the atmosphere during the day that impact fire behavior, especially for 
large wildfires typical in the western USA Similar to the finding from Beck et al. (2002) for Canadian 
wildfire events as well as other regions of South America, Africa, Australia, and Asia (Giglio, 2007). The 
numbers of hotspots from fires observed in August 2013 were 6,588 (Terra), 6,378 (Aqua), and 10,166 
(VIIRS). The ranges of monthly averaged FRP were 3.6–3,100 W m−2 (Terra), 0–4,000 W m−2 (Aqua), and 
0–2,900 W m−2 (VIIRS). There were 68 Terra, 145 Aqua, and 85 VIIRS locations with FRP greater than 
200 W m−2 (Figures 4g–4i). In general, the results for Aqua MODIS FRP and VIIRS FRP were similar, 
differing in that VIIRS FRP can provide higher spatial resolution, while Aqua MODIS reports more fires 
with higher FRP values. The differences are also related to the fact that the MODIS fire count and FRP 
retrieval sensitivity has a greater viewing zenith angle dependency than VIIRS due to differences in the 
sensor designs (Li et al., 2018). Aqua MODIS and VIIRS FRP estimates are very comparable in fire clus-
ters, except for large boreal forest fires, where VIIRS FRP is ∼47% smaller (Li et al., 2018). Therefore, 
understanding the similarities and inconsistencies between both datasets are important for accurate AQ 
applications, especially in CTMs, where FRP is often used to model wildfire emissions, which are used 
as inputs to CTMs (e.g., Sofiev et al., 2009).
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AERONET MODIS DB (C6) MODIS DB (C6.1) VIIRSDB MODISMAIAC

N 3,190 439 431 468 521

Min 0.01 0.02 0.02 0.02 0.02

Max 2.49 2.89 2.32 3.88 1.7

Mean 0.13 0.14 0.13 0.18 0.17

Median 0.08 0.09 0.06 0.07 0.13

Std (±) 0.17 0.24 0.24 0.39 0.19

Percentile25 0.05 0.05 0.03 0.05 0.09

Percentile50 0.08 0.09 0.06 0.07 0.13

Percentile75 0.13 0.16 0.12 0.12 0.2

The list of stations with their respected coordinates is shown in Table SI.1 in the SI. AOD, aerosol optical depth; MAIAC, 
multi-angle implementation of atmospheric correction; MODIS, MODerate Resolution Imaging Spectroradiometer; 
VIIRS, Visible Infrared Imaging Radiometer Suite.

Table 1 
Spatial-Temporal Statistical Summary of AERONET, MODIS DB C6, MODIS DB C6.1, and MAIAC AOD During August 
2013, Using 12 AERONET Stations in the Western USA
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The C6 DB AOD algorithm was previously reported to overscreen spa-
tially variable smoke plumes in this region (Loría-Salazar et al., 2016). 
However, the AOD retrievals from DB C6.1 and VIIRS seemed to have 
reduced this problem. Here, the DB and VIIRS retrievals had generally 
higher AOD hotspots compared to MAIAC. There was also an AOD 
hotspot in the MAIAC AOD algorithm that was close to the edge of 
the Great Salt Lake along the Utah-Nevada border (Figure 1c), which 
did not appear to be associated with an FRP hotspot (Figures 4a–4c). 
We suggest that the hotspot is likely because there are known difficul-
ties in the representation of ephemeral water bodies and mixed pixels 
in the land mask used, leading to artificial hotspots in AOD retrieval 
algorithms (Carroll et  al.,  2017). Finally, multiple low-intensity fires 
in Arizona, New Mexico, and Colorado did not noticeably increase 
monthly averages or STDs of AOD in any algorithm (Figures 4a–4c), 
but they were represented by a slightly elevated AERONET monthly 
average AOD (Figure 1).
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Figure 3.  Scatterplots of satellite retrievals of AOD (550 nm) against AERONET AOD (interpolated 550 nm) during August 2013. Top panel, categorized by 
stations: algorithms for (a) Deep Blue (DB) MODIS C6, (b) DB Col. MODIS 6.1, (c) DB VIIRS, and (d) MODIS MAIAC. Bottom panel, categorized by fire and 
non-fire periods:algorithms for (e) DB MODIS C6, (f) DB Col. MODIS 6.1, (g) DB VIIRS, (h) MODIS MAIAC. Dashed line: the 1:1 line. Evaluation metrics such 
as N, r2, and RMSE are associated to the entire spatial temporal domain, therefore, the evaluation metrics on (e–h) are the same than (a–d). AOD, aerosol optical 
depth; MAIAC, multi-angle implementation of atmospheric correction; MODIS, MODerate Resolution Imaging Spectroradiometer; RMSE, root mean square 
error; VIIRS, Visible Infrared Imaging Radiometer Suite.

MODIS DB 
(C6)

MODIS DB 
(C6.1) VIIRS DB MODISMAIAC

N pairs 405 396 292 493

NMSE 1.13 0.79 1.37 0.42

RMSE 0.15 0.12 0.12 0.1

r2 0.62 0.75 0.79 0.84

AOD, aerosol optical depth; MAIAC, multi-angle implementation 
of atmospheric correction; MODIS, MODerate Resolution Imaging 
Spectroradiometer; NMSE, normalized mean square error; RMSE, root 
mean square error; VIIRS, Visible Infrared Imaging Radiometer Suite.

Table 2 
Spatial-Temporal Statistical Evaluation of MODIS DB C6, MODIS DB 
C6.1, VIIRS DB, and MODIS MAIAC AOD During August 2013 Against 
AERONET. The AERONET Stations Selected had at Least 70% Temporal 
Coverage with Respect to the AOD Satellite Retrievals
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5.  Wildfire Smoke Case Studies
Case studies from August 2013 where ground-based stations and lidar data were available are presented. 
Three case studies were selected to evaluate the capabilities and limitations of satellite passive remote-sens-
ing products during burning events: (a) the Central California fires (Yosemite Rim and American River 
Fires), where surface concentrations and complicated transport aloft were observed because of the effect of 
irregular terrain on the deep-convective PBL; (b) fires on the border of Oregon and California, where het-
erogeneous aerosol profiles were found under shallow PBL conditions; and (c) an evaluation of the smoke 
PIH retrievals, which compares the fires described in (a) and (b) and CALIOP retrievals.

5.1.  Case Study 1: Yosemite Rim and American River Fires

These massive wildfire events in 2013 started on August 11 (American River; hereafter River) and August 
17 (Yosemite Rim; hereafter Rim), and burned 22,407 acres and 257,314 acres, respectively. Information 
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Figure 4.  Spatial distribution of FRP (W m−2) in August 2013. (a–c) Monthly averages for Terra MODIS, Aqua MODIS, and VIIRS at one × 1 km2 resolution. 
(d–f) Data point counts for MODIS Terra, MODIS Aqua, VIIRS at 1 × 1 km2 resolution. (g–i) Frequency histograms of log10 FRP for MODIS Terra, MODIS 
Aqua, VIIRS. MODIS, MODerate Resolution Imaging Spectroradiometer; VIIRS, Visible Infrared Imaging Radiometer Suite.
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on field experiments and modeling related to the Yosemite Rim Fire can be found in Peterson et al. (2014), 
Yates et  al.  (2016), and Baker et  al.  (2018). Smoke from these fires was observed using two AERONET 
stations (Fresno 2 and University of Nevada, Reno) and two PM2.5 monitoring stations from the EPA (one 
co-located with the Fresno 2 site, and the other about 1 km away from the University of Nevada, Reno site). 
The AOD and PM2.5 concentrations in both locations provided information about aerosol transport over the 
complex terrain.

Figure 5 shows the hourly AERONET AODs, daily MODIS AODs, and surface PM2.5 concentrations and 
scatterplots over Fresno (Figures 5a and 5c) and Reno (Figures 5b and 5f) during August 2013. Also shown 
is the hourly variability of PBLH using WRF, and daily variability of PBLH calculated from the balloon 
sounding (in Reno) with the daily retrieval of PIH from MAIAC and ASHE (Figures 5c and 5d). Over Reno 
(Figures 5b, 5d, and 5f), AOD and PM2.5 were strongly temporally correlated (r2 = 0.78). This correlation 
implies that most of the smoke transported from the Yosemite Rim and American River Fires to Reno was 
confined within the PBL, where the smoke aerosols were mixed down to the surface. All the PIH products 
showed that most of the plumes were confined within the PBL (Figure 5d). The ASHE products presented 
higher PIH than the MAIAC retrievals. The differences between MAIAC and ASHE PIH results may be 
because the MAIAC algorithm is not recommended for use beyond ±75–150 km downwind of the main 
source of the fire, where the thermal contrast technique is less reliable (Lyapustin et al., 2020).

Over Fresno (Figures 5a, 5c, and 5e), the AOD and PM2.5 were not correlated (r2 < 0.01) and there were few 
retrievals from the PIH products. However, the spike in AOD and lower values of surface PM2.5 on August 
31 were captured in the ASHE PIH (Figure 5c). The ASHE retrievals placed the smoke aerosols above the 
PBL, signifying that they were not entrained into the PBL and therefore not able to mix down to the sur-
face. These results provide evidence that complicated aerosol transport affected the vertical distribution of 

LORÍA-SALAZAR ET AL.

10.1029/2020JD034180

11 of 22

Figure 5.  Surface PM2.5 mass concentrations, AOD from AERONET, and satellite-derived products over Fresno, CA, and Reno, NV, during August 2013. 
Hourly variability of AOD (left axis) and PM2.5 (right axis) concentrations over (a) Fresno and (b) Reno. Comparison of PIH products height above ground-level 
(HGL) between MAIAC and ASHE with WRF outputs of PBLH over (c) Fresno and (d) Reno, with additional balloon sounding (BS) PBLH. Middle of error 
bars: average; length: variability. Scatterplot with regression equation of AERONET AOD and PM2.5 over (e) Fresno and (b) Reno. AOD, aerosol optical depth; 
ASHE, aerosol single scattering albedo and layer height estimation; MAIAC, multi-angle implementation of atmospheric correction; PBLH, planetary boundary 
layer height; PIH, plume injection height; PM, particulate matter; WRF, Weather Research and Forecasting.



Journal of Geophysical Research: Atmospheres

aerosol concentrations in the atmospheric column. This was evident when aerosols were present at higher 
elevations but the surface concentrations remained low.

To investigate the vertical distribution of aerosol concentrations downwind of the Rim Fire, we used HY-
SPLIT 24-h back-trajectories using the North American Mesoscale model. HYPSLIT trajectories from Fres-
no and Reno on August 31, 2013 are shown in Figure 6 with a NASA World View MODIS visible image of 
the smoke plume from the Rim Fire. Over Reno, the back-trajectory analysis revealed that the low-level 
trajectories (100 and 500 m) crossed the smoke plumes, bringing aerosols into the PBL. The majority of the 
upper-level trajectories over Reno came from areas without smoke plumes; however, the 2,000 and 4,000 m 
trajectories passed over the smoke plume, bringing in aerosols at multiple levels in the atmosphere. Mean-
while over Fresno, the low-level trajectories (100 and 500 m) came from the north over the Central Valley 
(i.e., region without wildfire smoke). While the upper-level trajectories crossed the smoke plume from the 
Rim Fire (4,000 and 5,000 m). Creating a heterogeneous vertical distribution of aerosol pollution in the 
atmosphere above Fresno.

In addition to this case study in Reno and Fresno, two other sites in California were used to evaluate the 
scope and limitations of the PIH satellite retrievals against ground-based total attenuated backscattering 
lidar data: Dodge Ridge Ski Resort on August 23 and Donell Vista on August 29. Because of the spatial 
resolution difference between ASHE and MAIAC products, MAIAC retrievals were expected to have more 
variability than the ASHE products. Results from the satellite-derived PIH are shown in Figures 7b and 7c. 
Visual inspection of images from NASA World View suggested no cloud cover in any of the locations during 
the satellite overpasses. This visual inspection was performed because clouds can be misclassified as smoke 
from fires.

During August 23, most of the aerosols were confined within the PBL (Figure 7b). MODIS and VIIRS ASHE 
(assuming SSA = 0.88) and MAIAC retrievals were able to capture the PIH well in comparison to the lidar 
data (∼2 km AGL). In contrast, the ASHE product (assuming SSA = 0.92) resulted in higher PIH retrievals. 
These results are consistent with those of Lee et al. (2015), who found SSA values for wildfire smoke over 
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Figure 6.  HYSPLIT 24-h back-trajectories (100–15,000 m) from the North American Model (NAM) at 12-km resolution 
at Fresno, CA, and Reno, NV, on August 31, 2013, superimposed onto a MODIS Aqua true-color image from NASA 
World View (https://worldview.earthdata.nasa.gov). MODIS, MODerate Resolution Imaging Spectroradiometer.
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the western USA ranging from 0.87 to 0.93. The choices of SSA = 0.88 and SSA = 0.92 can serve to provide 
typical lower and upper bounds of the uncertainty range of the plume height (SSA assumptions are the 
primary source of uncertainty). The ASHE retrievals when SSA = 0.92 were closer to a weaker aerosol layer 
(lower backscattering signal) seen by the lidar above the PBLH (3–4 km AGL). In this case, it was expected 
that the ASHE retrievals be closer to the top of the optically thick (i.e., lower) aerosol layer, given an appro-
priate SSA.

On August 29, the aerosol coming from the fire remained within a well-mixed atmospheric boundary layer 
for most of the study period. Toward the end (5:00 p.m. local time), the PBLH started to decrease due to the 
decreased surface sensible heat flux associated with less incoming solar radiation. This atmospheric process 
allowed aerosols to reach levels above the PBLH. The aerosol pollution had a less homogeneous vertical 
distribution than on August 23, challenging the satellite retrievals, (Yates et al., 2016, Figure 3). Although 
ASHE and MAIAC retrievals, on average, captured a deep-lower aerosol layer (∼500 m AGL), the height 
of the plume (∼2 km AGL) was also captured within the variability of the retrievals (Figure 7c, error bars).

5.2.  Case Study 2: Border of California and Oregon Fires

Multiple wildfires were captured during August 2013 on the border of Oregon and California (Figures 1b–
1d). On August 20, aerosol backscattering data from the Trinidad Head MPLNET lidar station captured 
complicated vertical aerosol transport from the fires. Figure 7a shows the backscattering signal from the 
Trinidad Head MPLNET lidar station and the Terra MAIAC PIH. There was agreement between the lidar 
and MAIAC PIH in the plume height aloft (∼2.5 km AGL). Therefore, the plume above the PBL was cap-
tured by MAIAC, implying transport of aerosols aloft due to the intensity of the fire injecting smoke plume 
above the PBL. During the morning of August 20, in the initial PBL development, the smoke from the fires 
penetrated the free troposphere because the PBL inversion cap was not strong enough to trap the smoke. 
The smoke can be related to emissions from the previous day which penetrated the free troposphere during 
the nocturnal and stable boundary layer. In the afternoon, a well-mixed boundary layer due to convection 
was able to capture smoke near ground-level (<500 m), but independent layers of smoke aloft were also 
found.

The MAIAC PIH estimates over the Trinidad Head AERONET station (Figure 8b) were at higher altitude 
than the PBLH from WRF. There was no correlation between AERONET AOD and surface PM2.5 (Fig-
ure 8c), implying heterogeneous vertical mixing due to the smoke from the fires, which agreed with MAIAC 
PIH retrievals within the average±STD. No ASHE PIH retrievals were found around the AERONET station 
at Trinidad Head.
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Figure 7.  Backscattering vertical cross-section (r) using ground-based lidar and comparison with PIH from MODIS and VIIRS ASHE and MODIS MAIAC 
products. Dashed lines: PBLH using WRF outputs. Middle of error bars: average; length: standard deviation. (a) Aerosol backscattering from Trinidad Head, 
CA, NASA MPLNET station on August 20, 2013. Total attenuated backscattering from (b) Dodge Ridge Ski Resort, CA, August 23, 2013, and (c) Donnell Vista, 
CA, August 29, 2013 from CSU-MAPS. The error bar represents the standard deviation, and the middle is the mean. Although all satellite PIH data represent 
observations at the same time (all coming from the Aqua overpass in b and c), they are slightly offset to help distinguish differences between them. ASHE, 
aerosol single scattering albedo and layer height estimation; MAIAC, multi-angle implementation of atmospheric correction; MODIS, MODerate Resolution 
Imaging Spectroradiometer; PBLH, planetary boundary layer height; PIH, plume injection height; VIIRS, Visible Infrared Imaging Radiometer Suite; WRF, 
Weather Research and Forecasting.
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5.3.  Case Study 3: Evaluation of PIH Retrievals Using CALIOP Lidar Retrievals

Figure 9a shows the average height of the total attenuated light scattering signal of each CALIPSO overpass 
over the western USA during August 2013. CALIPSO overpassed the border of the Oregon and California 
fire on August 15 (Figure 9b) and near the Yosemite Rim Fire on August 26 (Figure 9e). Smoke plumes 
transported from the different sources in California, Oregon, and Idaho are shown for August 23 (Figure 9d) 
and August 25 (Figure 9c). MAIAC PIH was able to capture PIHs within the observed variability for the 
August 15 case (Figure 9b) because of its proximity to the fire. For the other cases (Figures 9c–9e), MAIAC 
PIH decreased, possibly because the smoke plumes were more than 100 km from the fire so the algorithm 
is more uncertain. ASHE retrievals from VIIRS agreed (averages±STDs) with CALIOP on August 25 (Fig-
ure 9c); however, results were limited for August 23 (Figure 9d) and August 26 (Figure 9e). CALIOP retriev-
als showed aerosols above the PBL derived from WRF. This finding agreed with the complicated vertical 
distribution found in Case Studies 1 and 2.

6.  Discussion of the Scope and Limitations of Novel Satellite-Derived Smoke 
Products and Recommendations for AQ Modeling
The ASHE PIH product (Figure 10a) had fewer daily data points because it had lower spatial resolution than 
the MAIAC algorithm. However, it is still possible to identify areas where aerosol pollution from wildfire 
smoke affected ground-level PM2.5 concentrations using ASHE. Terra and Aqua MAIAC retrievals were 
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Figure 8.  Representation of complicated aerosol transport using surface PM2.5 mass concentrations, AOD from AERONET, and satellite-derived products over 
Trinidad Head, CA, during August 2013. (a) Hourly variability of concentrations of AOD (left axis) and PM2.5 (right axis). (b) Comparison between PIH products 
from Terra MAIAC and Aqua MAIAC and WRF outputs of PBLH. Middle of error bar: average of the PIH datasets; length: standard deviation. Fig(c) Scatterplot 
with regression equation of AERONET AOD and PM2.5. AOD, aerosol optical depth; MAIAC, multi-angle implementation of atmospheric correction; PBLH, 
planetary boundary layer height; PIH, plume injection height; PM, particulate matter.
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separated to recognize the differences in aerosol transport and injection mechanisms during the morning 
and afternoon overpasses. This was done to investigate the atmospheric processes driving the transport of 
the plumes within the PBL and in the atmosphere aloft.

During the morning overpass (Figures 10d–10f), more aerosols were above the PBL (i.e., SHBLR > 1), lead-
ing to less mixing of aerosols down to the surface. This was because PBLH was, on average, significantly 
lower during the morning overpass (Figure 10d) compared to the afternoon overpass (Figures 10a and 10g). 
This pattern is typical of diurnal PBL development caused by increased turbulence in the afternoon from 
solar heating of the Earth's surface. The percentage of aerosols confined within the PBL was higher during 
the afternoon overpasses (ASHE: Figure 10b; MAIAC Aqua: Figure 10h) than during the morning (MAIAC 
Terra: Figure 10e).

One key example of the role of smoke in the PBL can be explored based on smoke from the fires near the 
border between California and Oregon using data from the Trinidad Head, CA station. During the morning 
(Figure 10e), the PBLH was, on average, less than 1,000 m, but in the afternoon (Figures 10b and 10h), the 
same area had an average PBLH up to 1,750 m. Aerosol confinement during the morning (Figure 10f) was 
significantly lower than in the afternoon (Figures 8a, 10c, 10c and 10i). This behavior was captured by the 
SHBLR, which was ∼15 during the morning and decreased to ∼2 during the afternoon on August 20 at the 
Trinidad Head, CA station (Figure 7a, lidar data show the multiple smoke layers and smoke diurnal dis-
tribution) where AOD was >0.2 but the surface pollution did not increase (PM2.5<25 µg m−3), as shown in 
Figure 8a. A combination of atmospheric and fuel conditions during the afternoon enhanced the intensity 
of the fire, creating higher smoke plume injection heights above the PBL and into the free troposphere. This 
phenomenon was captured by MAIAC and ASHE. However, the increase in temperature and water vapor 
released (latent heat) by the fire also created feedbacks to the atmosphere and may have enhanced the depth 
of the PBL. The same phenomenon also occurred for the 2013 Yosemite Rim Fire, with smoke at multiple 
layers of the atmosphere transported from the Yosemite Rim Fire to Reno (AOD < 0.2, PM2.5 < 25 µg m−3) 
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Figure 9.  Comparison between PIH algorithms and CALIOP total attenuated backscattering (r) retrievals. (a) Average height of CALIOP backscattering 
retrievals. (b) Comparison of PIH products over the California-Oregon border fires. (c and d) Comparison of PIH from smoke transported from the Yosemite 
Rim fire and Idaho fires. (e) Comparison of PIH from smoke transported from the Yosemite Rim fire. CALIOP, cloud-aerosol lidar with orthogonal polarization; 
PIH, plume injection height.
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and Fresno (AOD>0.2, PM2.5<25 µg m−3), where SHBLR∼0.22 and SHBLR∼1.33, respectively on August 31 
(Figure 7). The increasing PBLH due to the fire feedbacks can lead to confining the aerosol pollution within 
the PBL instead of smoke plume injection heights above the PBL. The higher PBLH due to the presence of 
smoke has been reported in model results due to the absorption component of aerosols impacting the PBL 
physics (Li et al., 2017, 2018, 2019).

The relationship between PBLH and PIH is important for aerosol vertical distribution and transport. When 
a fire grows and intensifies, it can create higher smoke plume injection heights due to the increased buoyan-
cy and sensible heat flux. The resulting smoke plumes may still be capped by the boundary layer because of 
the atmospheric conditions during the burn (e.g., stable atmosphere vs. unstable atmosphere). Resultsfrom 
ASHE were similar to the ones from MAIAC with lower spatial-temporal resolution due to the combination 
of the instruments used, OMI and MODIS. However, with the MAIAC higher spatial-temporal resolution 
product, it is possible to diagnose when ground-level AQ is affected by aerosol pollution during the fire 
events in August 2013 near the fire sources.

If the SHBLR is implemented in models these, it will likely be possible to improve estimates of wildfire smoke 
exposure for health effects studies. CALIOP retrievals have the potential to vertically resolve information 
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Figure 10.  Data used to calculate the percentage of confinement of near-surface aerosol pollution for ASHE over the western U.S. during August 2013. 
(a, d, and g) PIHs from MAIAC and ASHE (SSA = 0.88) spatially averaged to match the WRF PBLH output. (b, e, and h) Monthly averages of WRF ABLH 
synchronized with MAIAC and ASHE PIHs. (c, f, and i) Percentage of occasions when the smoke plumes were found within the PBLH for MAIAC and ASHE. 
ASHE, aerosol single scattering albedo and layer height estimation; MAIAC, multi-angle implementation of atmospheric correction; PBLH, planetary boundary 
layer height; PIH, plume injection height; SSA, single scattering albedo; WRF, Weather Research and Forecasting.
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about the PBLH and aerosol height. However, the availability of quality level 2 CALIOP retrievals for AQ 
modeling purposes is limited by lidar signal-to-noise ratios, extinction of the lidar signal, obstruction by 
clouds, and geographical separation between successive orbital paths (see stripes of CALIPSO; Figures 9 
and SI.24–SI.S28 compared to Figures 10a, 10d, and 10g). The novelty of the ASHE and MAIAC products 
are largely due to their improved spatial-temporal resolution with respect to other NASA algorithms for 
PIH, such as the CALIOP instrument (once every 16 days sub-spacecraft coverage) as well as MISR MINX 
(once every 9 days global coverage) (Cheeseman et al., 2020; Kahn et al., 2007; Winker et al., 2010).

Some limitations can be expected if the SHBLR is incorporated into AQ modeling and exposure studies. 
However, the SHBLR can be used as a first-order qualitative way to assess the potential impact of smoke on 
ground-level pollutant concentrations. Uncertainties related to modeled PBLH and the PIH retrievals can 
affect the accuracy of the SHBLR. More studies and approximations are needed to develop a more quan-
titative metric to estimate the amount of aerosol pollution confined within the PBL from wildfire smoke 
plumes and the associated estimates of human smoke exposure.

The ASHE and MAIAC PIH datasets are complementary. The PIH from ASHE can provide daily plume 
height information both near the source and as the plume is transported downwind. ASHE PIH comes at 
a comparatively lower resolution and only where there is overlap between the required sensor pairs (i.e., 
MODIS and OMI, VIIRS, and OMPS). MAIAC provides reliable PIH only near active fires, although at 
high resolution and for the entire MODIS swath (Cheeseman et al., 2020). More importantly, both ASHE 
and MAIAC PIHs can be used to improve the vertical wildfire smoke emissions estimates used as inputs 
to CTMs. This is similar to existing fire emissions inventories that use FRP, and/or surface heat flux, to 
estimate smoke plume rise (Brey et al., 2018). It is expected that the PIH products would provide better 
characterization of the vertical profile of smoke concentrations and could improve the exiting FRP plume 
rise methods. An additional benefit to PIH is the extended horizontal resolution compared to the FRP by 
capturing more smoke pixels, because the PIH characterizes the smoke behavior (smoke pixels) and not 
fire behavior (fire pixels). Therefore, PIH could be incorporated into statistical AQ models that aim to esti-
mate smoke concentrations downwind of wildfires, especially the ASHE PIH products at further distances 
downwind.

Wilkins et al. (2020) showed that a redistribution of the vertical PIHs, with part of the emissions above the 
boundary layer, led to a reduction of model-predicted surface ozone and an increase in downwind transport. 
Their study used a CTM with a satellite-based high-altitude injection algorithm and inventory (Peterson 
et al., 2017) to investigate the effects of major western USA wildfires on a midwestern USA city (St. Louis) 
in August 2013. Wilkins et al. (2020) concluded that up to 60% of the smoke plumes from those western 
USA fires were above the 3.5 km layer (model determined PBLH), resulting in downwind ozone concen-
trations in St. Louis that were increased by 10–80 ppbv. The portion of the smoke that is injected above the 
PBL is critical to the CTM performance, because it can later be mixed down to the surface and lead to AQ 
exceedances in locations significantly downwind of the fire (Wilkins et al., 2018, 2020). This demonstrates 
that reliable satellite-based PIHs can be critical to improving the performance of CTMs modeling the AQ 
associated with wildfire smoke. In this investigation, we illustrate the importance of incorporating PBL data 
along with satellite products to investigate the pollutant mixing, and vertical distribution of aerosol concen-
trations associated with wildfire smoke. AQ studies must have high-resolution PBL inputs during large fire 
events, especially related to PBL characterization, to obtain better estimates of SHBLR. A similar finding 
was also found by Cheeseman et al., (2020).

7.  Summary
The goal of this investigation was to evaluate satellite AOD and PIH products with the aim of using them as 
model inputs to estimate the impact of smoke from wildfires on surface-level aerosol pollution. We incor-
porated a combination of ground-based observations (columnar aerosol loading, PM2.5 concentrations, and 
aerosol vertical distribution) and satellite observations (columnar aerosol loading, smoke plume height, fire 
intensity, and aerosol vertical distribution) as well as modeled PBL for wildfires events in the western USA 
during August 2013. We found that:
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1.	 �The spatial-temporal statistical evaluation of satellite AOD showed that the MAIAC algorithm present-
ed the lowest normalized mean squared error (NMSE = 0.66), lowest root mean square error (0.1), and 
highest coefficient of determination (r2 = 0.84). The C6.1 and VIIRS Deep Blue products showed signifi-
cant improvement over the previous version C6 (C6.1: r2 = 0.75; C6: r2 = 0.62; VIIRS: r2 = 0.79).

2.	 �VIIRS FRP provided a higher spatial resolution, but Aqua MODIS reported more fires with higher FRP 
values. This is due in part to differences in the across-track sensitivity of the instruments as discussed 
by Li et al., (2018). Understanding the resemblances and inconsistencies of both datasets is important 
because FRP retrievals are used in wildfire emission inventories.

3.	 �The hourly variability of AOD and PM2.5 during the 2013 Yosemite Rim Fire showed that AOD and PM2.5 
increased together over Reno, NV (r2 = 0.78), and transport aloft was found on Fresno, CA (i.e., AOD and 
PM2.5 did not always increase together; r2 = 0.01). These results and HYSPLIT back-trajectory analysis 
suggest that complicated aerosol transport occurred over the Sierra Nevada Mountains, impacting the 
vertical distribution of aerosol concentrations.

4.	 �By combining PIH and PBLH a Smoke Height Boundary Layer Ratio (SHBLR) was created, a simple 
metric to express whether aerosols are confined within the boundary layer. Based on the SHBLR, we 
found that differences in diel meteorological conditions affected the percentage of confinement of the 
smoke plumes within the PBL. These results can help to improve wildfire smoke exposure estimates for 
use in health effects studies and to formulate new satellite missions related to AQ and aerosol impacts 
on climate change (e.g., TEMPO; Zoogman et al., 2017).

5.	 �The smoke from the 2013 Yosemite Rim Fire was transported near ground level to Reno (e.g., SHBLR∼0.22 
on August 31). Meanwhile, over Fresno (SHBLR∼1.33 on August 31), elevated aerosol injection heights 
and smoke transport aloft in the free atmosphere above the PBL kept low concentrations of aerosol 
pollution at the surface and high concentrations of aerosols aloft. These results agree with those from 
multiple ground-based stations and lidar stations. For August 20 in the Trinidad Head, CA, MPLNET 
site, the SHBLR was ∼15, implying complex smoke transport aloft. Ground-based measurements con-
firmed this result.

We conclude that the Deep Blue C6.1 and VIIRS algorithms for retrieving aerosol pollution due to fire 
activity in the western USA have significantly improved on the previously identified limitations of this 
product (e.g., Boehmler et al., 2018; Huang et al., 2021; Loría-Salazar et al., 2016). MAIAC and MODIS DB 
presented similar statistical evaluation metrics against AERONET in the western USA during this burning 
period (August 2013). The MAIAC algorithm is a useful tool, especially for high-resolution studies, but in 
this study, it underestimated peak AOD for the most intense smoke plumes. The PIH products evaluated 
have great potential to improve the horizontal and vertical representation of aerosols in AQ models during 
wildfires. Special attention to the spatial and temporal resolution of satellite retrievals, as well as to instru-
ment calibration, should be considered for the continuity of AQ applications from one satellite mission to 
future ones.

Future research directions, beyond the modeling component, should include field campaigns using ground-
based lidar observations and in situ measurements (e.g., CO, absorption coefficients, aeerosol concentra-
tions) to vertically resolve the distribution of aerosol concentrations for wildfire smoke plumes and quantify 
the PBLH. These measurements could then be used to evaluate the new SHBLR presented in this paper. 
Studies are also needed to determine how aerosol optical properties can enhance or depress PBLH from 
locally generated and transported smoke plumes to improve the modeled PBLH for forecasting wildfire 
smoke events and health effects studies.

Data Availability Statement
The MODIS, VIIRS, CALIPSO (https://earthdata.nasa.gov), AERONET (https://aeronet.gsfc.nasa.gov), and 
MPLNET (https://mplnet.gsfc.nasa.gov/) data used in this study are freely available from NASA. The au-
thors are grateful to the AERONET and MPLNET PIs and site managers. Balloon sounding data are availa-
ble from Atmospheric Soundings Wyoming Weather Website. Lidar data at the Rim Fire was provided by Dr. 
Craig B. Clements (craig.clements@sjsu.edu) from the Fire Weather Research Laboratory.
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