
Hourly Mapping of the Layer Height of
Thick Smoke Plumes Over the
Western U.S. in 2020 Severe Fire
Season
Zhendong Lu1, Jun Wang1,2*, Xiaoguang Xu3, Xi Chen2, Shobha Kondragunta4,
Omar Torres5, Eric M. Wilcox6 and Jing Zeng2

1Interdisciplinary Graduate Program in Informatics, The University of Iowa, Iowa City, IA, United States, 2Department of Chemical
and Biochemical Engineering, Center for Global and Regional Environmental Research, Iowa Technology Institute, The University
of Iowa, Iowa City, IA, United States, 3Joint Center for Earth Systems Technology and Department of Physics, University of
Maryland Baltimore County, Baltimore, MD, United States, 4NOAA/NESDIS, College Park, MD, United States, 5NASA Goddard
Space Flight Center, Greenbelt, MD, United States, 6Division of Atmospheric Sciences, Desert Research Institute, Reno, NV,
United States

A series of huge smoke plume events from the largest wildfire season recorded in
California’s modern history has occurred in 2020. Here, a research algorithm was
modified to retrieve the aerosol optical centroid height (AOCH) and aerosol optical
depth (AOD) from Earth Polychromatic Imaging Camera (EPIC) measurements. The
research focus is to gain insights of the algorithm’s feasibility in heavy smoke
conditions to study the diurnal variation of AOCH; this is only made possible via EPIC
due to its unique position at Lagrange-1 point and its equipment of O2 B-band at which the
vegetated surface reflectance is low. Vicarious calibration is applied to the EPIC 443, 680
and 688 nm channels based on the Tropospheric Monitoring Instrument (TROPOMI)
observation. This new calibration leads to a better agreement of AOCH values between
EPIC retrievals and the counterparts derived from the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) aerosol extinction vertical profile. The hourly variation of AOCH up to
0.45 km on September 7 is shown to have important implications for estimating hourly
change of surface PM2.5, although more quantitative studies are needed in the future.

Keywords: DSCOVR EPIC, thick smoke layer, AOCH, California fires, surface PM2.5, hourly variation, aerosol
retrieval algorithms

INTRODUCTION

The vertical distribution of smoke aerosols from wildfires has several important effects on the
weather, climate and air quality. First, via absorbing and scattering of radiation, the altitude of smoke
plumes can influence how aerosols alter the thermodynamic structure of atmosphere in the vertical
dimension, thus affecting the formation and lifecycle of clouds (Wilcox, 2012). Second, the smoke
aerosols can be entrained into the clouds and serve as condensation nuclei for cloud formation,
thereby affecting the microphysics and radiative effect of clouds. This process highly depends on the
vertical distance between aerosol layer and clouds (Rajapakshe et al., 2017). Third, the relative
vertical position of aerosols and clouds determines the sign and magnitudes of the aerosol radiative
effects (Wang and Christopher, 2006a; Zarzycki and Bond, 2010; Ge et al., 2014). Lastly, the
characterization of smoke vertical distribution is also very important for the retrieval of aerosol
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optical depth and single scattering albedo using near-UV
observations (Torres et al., 1998; Ahn et al., 2021), as well as
the remote sensing of surface air quality (Wang and Christopher,
2003). On the one hand, for a given total column aerosol loading,
the lower the smoke layer is, the more severe the surface
particulate matter pollution would be (Val Martin et al., 2013;
Seo et al., 2015; Griffin et al., 2020). On the other hand, the aerosol
layer height (ALH) regulates the transport of aerosol particles,
with high altitudes favoring the long-range transport, thereby
affecting the air quality and human health over the downwind
region (Wang et al., 2006b; Val Martin et al., 2013; Tian et al.,
2017).

Unfortunately, the operational datasets of ALH from
observational sources are very limited. Although spaceborne
lidars, such as Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP), can provide accurate aerosol vertical
extinction profile, their footprint diameters are narrow (90 m
for CALIOP) at the ground, and consequently, the lidar data is
very sparse over time and space. Passive satellite remote sensing
has a much wider swath but contains less information of aerosol
vertical distribution (Xu et al., 2018). In addition, the diurnal
variation of the ALH is not well understood, because most passive
sensors with the capability of retrieving ALH are placed at the
sun-synchronous orbits. The deficiency of aerosol vertical
distribution information leads to large uncertainty and inter-
model variability in the simulation of aerosol vertical profile by
current climate models (Koffi et al., 2012; Kipling et al., 2016;
Koffi et al., 2016), which brings large uncertainty in climate
change prediction and air quality forecasting.

Here we present a first attempt to map hourly variation of
smoke vertical distribution from space during the 2020 severe fire
season. This study builds upon the past work that presented an
algorithm to retrieve hourly aerosol optical centroid height
(AOCH) from the oxygen absorption A- and B-bands of the
Earth Polychromatic Imaging Camera (EPIC) for the smoke
plumes over Hudson Bay–Great Lakes area (Xu et al., 2017;
Xu et al., 2019). The EPIC is onboard the Deep Space Climate
Observatory (DSCOVR) satellite that is parked at Lagrange-1
point (Marshak et al., 2018). This study, however, differs from the
past work in several aspects. First, we update the EPIC calibration
via the vicarious calibration study that uses the accurate radiance
measurements by the Tropospheric Monitoring Instrument
(TROPOMI) observation in the oxygen absorption bands. This
is needed because EPIC does not have the onboard calibration,
and the official after-launch calibration of EPIC measurements at
visible and near infrared (NIR) channels (Geogdzhayev and
Marshak, 2018) has not been updated since 2017 (https://epic.
gsfc.nasa.gov). In addition, the uncertainty of EPIC calibration is
probably larger than we expected before (See section Data, EPIC
L1B). Second, we seek to retrieve AOCH for the smoke plumes
that are optically much thicker than the cases that were studied in
the past work. Few studies have studied the altitudes of the smoke
plumes associated with the fires in August-December of 2020, the
largest wildfire season in California’s modern history (Morris and
Dennis, 2021). The two most severe smoke pollution events
occurred on September 7–9 and September 14–16,
respectively, and they are therefore selected for this study.

Finally, not only the change of smoke layer height from both
source and downwind regions but also the implications of this
work to estimate surface PM2.5 pollution are demonstrated. Of
particular interest is the diurnal variation of AOCH that can be
uniquely observed by EPIC, as well as its implication for surface
air quality.

DATA

EPIC L1B
The EPIC imager is aboard the DSCOVR platform, which was
launched in February 2015 to the Lagrange-1 point that gives
EPIC a unique viewing perspective to provide the measurements
of the sunlit Earth disk every 1–2 h. The EPIC level 1B data used
in this study are obtained from NASA Aura Validation Data
Center (https://avdc.gsfc.nasa.gov/pub/DSCOVR/Level1b_v03/).
The EPIC instrument uses a 30-cm aperture Cassegrain telescope
to measure the backscattered solar radiance at 10 narrow bands
including oxygen A and B bands with a spatial resolution of
10 km at nadir and 20 km at a viewing zenith angle of 60°. The raw
data from EPIC are post-launch calibrated using the well-
calibrated measurement from Ozone Mapping and Profiler
Suite (OMPS) for four UV (ultraviolet) channels, MODIS
Aqua and Terra level 1B top-of-atmosphere (TOA) reflectance
for four visible and NIR channels, and EPIC lunar observations
for two oxygen absorption bands (Geogdzhayev and Marshak,
2018; Marshak et al., 2018). However, the official calibration
coefficients for the EPIC measurements at visible and NIR
channels have not been updated since 2017 (https://epic.gsfc.
nasa.gov).

Besides from Geogdzhayev and Marshak (2018), several
other studies carried out the calibration for EPIC visible and
NIR channels using MODIS, Visible Infrared Imaging
Radiometer (VIIRS) or Multi-angle Imaging
Spectroradiometer (MISR) data as references (Haney et al.,
2016; Doelling et al., 2019; Geogdzhayev et al., 2021). The
inter-comparison of calibration coefficients from different
studies indicates that the accuracy of EPIC inter-calibration
depends on the referenced satellite sensor, the platform upon
which the sensor resides and the calibration methodology.
For example, the uncertainties of MODIS (Aqua and Terra)
and VIIRS/S-NPP (Suomi National Polar-Orbiting
Partnership) onboard calibration for reflective solar bands
(RSB) are both ∼2% (Choi et al., 2016; Xiong et al., 2017), but
a 6% positive bias exists for the VIIRS/S-NPP M5 band
(672 nm) with respect to MODIS/Aqua B1 channel
(646 nm) after accounting for the different spectral
response functions of the two instruments (Sayer et al.,
2017). However, Doelling et al. (2019) reported that the
relative difference in EPIC calibration at 680 nm between
using VIIRS/S-NPP M5 band and MODIS/Aqua B1 band is
only 3%, indicating an uncertainty of at least 1.5% in their
calibration process itself, which is higher than the calibration
discrepancy of 0.3% at 680 nm between ATO-RM (all-sky
tropical ocean ray-matching) and DCC-RM (deep convective
cloud ray-matching) algorithms adopted by their study.
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Additionally, the calibration difference in the specific
referenced sensor onboard different platforms also
contributes to the uncertainty of EPIC calibration. The
calibration differences between MODIS Aqua and Terra
for RSB are within 1.5% (Xiong et al., 2020), but MODIS/
Aqua-based EPIC calibration coefficients at 780 nm is 2%
lower than that derived from MODIS/Terra (Geogdzhayev
et al., 2021). The calibration coefficients for VIIRS/S-NPP at
RSB are lower than that of VIIRS/NOAA-20 by 3–7% (Xiong
et al., 2020). The MODIS-based EPIC calibration by Doelling
et al. (2019) agrees with Geogdzhayev and Marshak (2018)
within 1.6% and Geogdzhayev et al. (2021) within 2.6%.
Overall, the uncertainty of EPIC calibration using MODIS
or VIIRS data as references can be up to 8.5% as we analyzed
above, with 7% attributable to the satellite data used as
reference (Sayer et al., 2017; Xiong et al., 2020) and at
least 1.5% attributable to the calibration process itself.

There are also disagreements regarding the degradation of
EPIC instruments among different studies. For instance,
Geogdzhayev and Marshak, (2018) reported that there is little
degradation of EPIC instruments for four visible and NIR
channels based on an 18-month EPIC calibration using
MODIS (Aqua and Terra) data. In contrast, Doelling et al.
(2019) concluded that the trend of EPIC gain is within 0.15%
per year based on a 4-year calibration using VIIRS/S-NPP data.
However, Geogdzhayev et al. (2021) found the trend of EPIC
calibration coefficient at 443 nm is statistically significant (p �
0.006) with a value of 0.27% per year based on a 5-year EPIC
calibration derived from multiple Low Earth Orbit (LEO)
instruments. These disagreements again underscore the need
to adjust EPIC calibrations for aerosol retrievals. Considering
the degradation trend at 443 nm of 0.27% per year (Geogdzhayev
et al., 2021) from June 2015 to September 2020, the total
uncertainty of EPIC 443 nm in September 2020 could be up to
10%. Indeed, it is not uncommon that the algorithms for aerosol
retrievals need further calibration adjustment to the satellite L1B
data, such as the empirical corrections to the MISR data
(Limbacher and Kahn, 2015; Garay et al., 2020) and MODIS
data (Sayer et al., 2015).

EPIC L2 UVAI
The EPIC level 2 UV aerosol product (version 3) obtained
from the NASA Langley Research Center Atmospheric
Science Data Center (https://doi.org/10.5067/EPIC/
DSCOVR/L2_AER_03) are also used in this study. The
EPIC UV aerosol retrieval algorithm (Ahn et al., 2021)
uses a set of aerosol models, which are identical to those
assumed in OMI (Ozone Monitoring Instrument) algorithm
(Herman et al., 1997; Torres et al., 2007; Jethva and Torres,
2011; Torres et al., 2013), to represent the carbonaceous
aerosols from wildfires and biomass burning, dust and
sulfate-based aerosols. The EPIC UV Aerosol Index
(UVAI) is derived from 340 to 388 nm radiances for all
sky conditions (Torres et al., 2018; Ahn et al., 2021). It is
indicative of the presence of absorbing aerosols (smoke, dust,
or both particles) at free troposphere and above. The UVAI is
sensitive to ALH, aerosol optical depth (AOD) and single

scattering albedo (SSA) (Hsu et al., 1999). Jeong and Hsu
(2008) retrieved SSA by using UVAI derived from OMI data,
MODIS AOD and ALH from CALIOP, then they derived
ALH by constraining UVAI, AOD and SSA. Lee et al. (2020)
followed the same idea but replace MODIS AOD and OMI
UVAI with VIIRS AOD and UVAI from OMPS-NM (Ozone
Mapping and Profiler Suite Nadir Mapper). Xu et al. (2019)
found the relationship between EPIC UVAI and EPIC ALH
varies with different AOD values. In summary, there is no
monotonic relationship between UVAI and ALH, because of
the dependence of UVAI on the aerosol loading and
absorption properties; for the same UVAI value, it can be
a result of various combinations of AOD, SSA, and ALH.

CALIOP L2 Aerosol Profile
CALIOP is an elastic backscatter lidar measuring the
attenuated backscattered signal at both 532 and 1,064 nm.
It is aboard the Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO) spacecraft in a sun-
synchronous orbit with an equatorial crossing time of
around 13:30 local time and a repeat cycle of 16 days
(Winker et al., 2009). Vertical profiles of aerosol extinction
coefficient at 532 nm are obtained from CALIOP level 2
Aerosol Profile product (https://doi.org/10.5067/CALIOP/
CALIPSO/CAL_LID_L2_05kmAPro-Standard-V4-21),
which has a vertical resolution of 60 m and a horizontal
resolution of 5 km. The aerosol extinction profile from
CALIOP level 2 product is used to validate the EPIC
AOCH retrievals.

TROPOMI L1B
The calibrated hyperspectral measurements at visible and near
infrared bands from TROPOMI level 1B product (UVIS bands:
https://doi.org/10.5067/SENTINEL5P/S5P_L1B_RA_BD3_HiR.
1; NIR bands: https://doi.org/10.5067/SENTINEL5P/S5P_L1B_
RA_BD6_HiR.1) are convolved to conduct the soft-calibration
for EPIC level 1B data. TROPOMI is aboard the Sentinel-5
Precursor (S5P) satellite, which was launched to a sun-
synchronous polar orbit on October 13, 2017. With a local
overpassing time of around 13:30, TROPOMI can cover the
near-global domain in a single day (Veefkind et al., 2012).
TROPOMI contains 4 spectrometers covering the ultraviolet
(UV), visible (UVIS), NIR and shortwave infrared (SWIR).
The spectral resolutions for UV, UVIS, NIR and SWIR bands
are 0.45–0.5, 0.45–0.65, 0.34–0.35 and 0.225–0.227 nm,
respectively. The footprint size is 5.5 × 7 km2 for SWIR bands,
5.5 × 3.5 km2 for UVIS, NIR and UV band 2 (300–332 nm) and 5.
5 × 28 km2 for UV band 1 (267–300 nm).

TROPOMI has the onboard calibration capacity. Its regular
calibration is conducted on the eclipse side of the orbit with the
internal light sources of TROPOMI to correct the degradation
and gain drifts of UV, UVIS and NIR detectors over time. The
uncertainty of pre-launch calibration for absolute radiance and
irradiance at UVIS and NIR bands is in the range of 0.8–1.3%
(Kleipool et al., 2018), and the gain drifts with respect to pre-
launch calibration can always be corrected to below 0.1%. The
solar angular dependence of the irradiance radiometry is
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calibrated after launch with higher accuracy and angular
sampling than pre-launch calibration. The inconsistency of the
absolute irradiance calibration in the overlapped spectral range
between UV and UVIS bands are corrected during the in-flight
calibration. See more details in Ludewig et al. (2020). The
reflectance data from TROPOMI is estimated to have an
uncertainty of 1% (Kleipool et al., 2018; Ludewig et al., 2020).

TROPOMI L2 Aerosol Layer Height
The smoke AOCH values retrieved from EPIC are also compared
with the ALH from S5P_L2__AER_LH version 1 product
(https://doi.org/10.5270/S5P-j7aj4gr) provided by TROPOMI.
The TROPOMI ALH retrieval uses the optimal estimation
method for spectral fitting with various aerosol layer pressures
and aerosol optical thicknesses in the oxygen A-band. By training
a neural network model, the hyperspectral TROPOMI TOA
radiance can be simulated with high speed to reduce the
computation cost in the ALH algorithm (de Graaf et al., 2019;
Nanda et al., 2019). The TROPOMI ALH retrieval algorithm
assumes a uniform distribution of aerosols in a single layer with a
constant thickness of 50 hPa, and it adopts a single aerosol model
with single scattering albedo equal to 0.95 and the Henyey-
Greenstein phase function for which the asymmetry factor is
0.7 (de Graaf et al., 2019). The TROPOMIALH is shown to have a
mean negative bias of more than 2 km over land, as compared
with CALIOP data, primarily due to the high surface reflectance
in O2 A-band that is not favorable for aerosol retrievals (Griffin
et al., 2020; Nanda et al., 2020).

EPA Surface PM2.5
Hourly measurements of surface PM2.5 concentrations are
collected from United States Environmental Protection Agency
(EPA) Air Quality System (https://www.epa.gov/aqs). The PM2.5

dry mass concentrations are measured by Beta Attenuation
Monitor (Schweizer et al., 2016), Tapered Element Oscillating
Microbalance (Sofowote et al., 2014) techniques, and other
methods (Wang et al., 2006b). The data closest to the EPIC
overpass time are used to investigate the relationship of smoke
layer height and surface PM2.5 pollution.

MODIS/Aqua L2 AOD and AERONET AOD
Aqua is a sun-synchronous satellite passing over the equator in
the local afternoon, with a payload imaging sensor MODIS
onboard. MCD19A2 AOD product (https://doi.org/10.5067/
MODIS/MCD19A2.006) at 1 km resolution based on MODIS
MAIAC algorithm is used in this study to compare the AOD
retrieved from EPIC. The validation of global MAIAC AOD
retrievals during 2000–2016 shows 66% of total retrievals agree
with AERONETwithin ±0.05 ± 0.1 (Lyapustin et al., 2018), where
is AOD measured by AErosol RObotic NETwork or AERONET.
The AERONET AOD is derived based on Beer-Lambert-Bouguer
law from the direct sun measurements by ground-based sun
photometers at multiple wavelengths. The AERONET
instruments are calibrated routinely at least twice per year,
and the absolute uncertainty of AOD from a newly calibrated
field instrument is no larger than 0.01 at the wavelength longer
than 440 nm under cloud-free condition (Holben et al., 1998).

METHODS
Vicarious Calibration of EPIC With
TROPOMI Data
Hyperspectral measurements at UVIS and NIR bands from
TROPOMI are convolved to EPIC narrow bands at 443, 551,
680, 688, 764 and 780 nm using the spectral response function
of the EPIC instrument (Chen et al., 2021). To evaluate and
update the EPIC level 1B calibration, we picked four boxes
with each box containing 10 × 10 EPIC pixels over a
convective cloud in eastern United States on September 15,
2020 and compared the EPIC TOA reflectance with
convolved and well-calibrated TROPOMI TOA (top-of-
atmosphere) reflectance (Figure 1). The near-Lambertian
reflectance of convective cloud weakens the geometric
dependence of TOA reflectance and thus minimizes the
discrepancy between EPIC and TROPOMI observations
(Doelling et al., 2013). High-resolution TROPOMI
observations are re-gridded to EPIC grid size. The
atmospheric window channel 443 nm is used for the EPIC
AOD retrieval and the ratio of O2 B absorption band to the
continuum band (688/680) plays an important role in EPIC
AOCH retrieval. Therefore, we scale the original EPIC L1B
data based on the ratios of TROPOMI TOA reflectance to
EPIC counterparts at 443, 680 and 688 nm. 764 and 780 nm
are not scaled since the ratio of 764/780 nm from EPIC is very
close to that of TROPOMI data (Figure 1). No other channels
are used in our algorithm.

There are several advantages in using TROPOMI data to
derive the EPIC calibration coefficients compared to using
MODIS and VIIRS data. First, as a young mission launched
in October 2017, TROPOMI has a lower calibration uncertainty
(∼1%) for the reflectance at the TOA (Kleipool et al., 2018;
Ludewig et al., 2020) than MODIS and VIIRS (∼2%) (Choi et al.,
2016; Xiong et al., 2017); this superiority is due to TROPOMI’s
onboard calibration facility including the daily measurements of
spectral radiances directly from the Sun. Second, the
convolution of hyperspectral measurements of TROPOMI to
EPIC narrow bands using EPIC spectral response functions
avoids the complex correction accounting for the different
position and bandwidth between EPIC and MODIS (or
VIIRS) channels. MODIS (or VIIRS) channels have
bandwidth of 10 nm or larger, while EPIC bands have
bandwidth of ∼2 nm or less. Finally, any systematic bias in
TROPOMI spectrometers could be cancelled out since the
TROPOMI measurements used in the vicarious calibration
are reflectance-based, because all optical elements for the
Earth-view mode are included in the optical path for solar
irradiance measurement in TROPOMI instrument (Ludewig
et al., 2020).

EPIC Retrieval
The smoke AOCH algorithm was originally developed and
described in detail by Xu et al. (2017) and Xu et al. (2019). It
assumes a quasi-Gaussian aerosol vertical profile characterized
by total column AOD and the extinction peak height with a
half-width parameter of 1 km following Xu et al. (2017). The
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height at which the aerosol extinction peaks retrieved by our
algorithm is the optical centroid height, so that it is called AOCH
(aerosol optical centroid height). The ALH is a broader
terminology referring to the aerosol vertical position
information retrieved from passive satellite remote sensing
techniques, such as aerosol stereo height from MISR (Nelson
et al., 2013), aerosol injection height from MODIS MAIAC
thermal technique (Lyapustin et al., 2020) and aerosol mid-
layer height from TROPOMI (Nanda et al., 2019). After cloud
screening using reflectance at 443, 551 and 780 nm, AOD is
retrieved from using EPIC atmospheric window channel 443 nm,
and the AOCH is derived subsequently based on the ratios of
oxygen A and B bands to their respective neighboring continuum
bands (764/780 and 688/680). Following Xu et al. (2019), the
surface reflectance for water surface comes from GOME-2
Lambert-equivalent reflectivity (LER) product (Tilstra et al.,
2017). A 10-year climatology of Lambertian surface reflectance
from MODIS BRDF/Albedo product (MCD43) (Schaaf et al.,
2002) is applied for the land surface. Cloud mask is conducted
through the spatial homogeneity tests at 443 and 551 nm, as well
as the brightness tests with the prescribed threshold of TOA
reflectance at 443 and 680 nm for land and 443, 680, and 780 over
water. The water pixels with a sun glint angle smaller than 30° are
removed (Levy et al., 2013). The retrieval algorithm is based on
the lookup table constructed by running the radiative transfer
model UNL-VRTM (Unified and Linearized Vector Radiative
Transfer Model) (Spurr, 2008; Spurr et al., 2012; Wang et al.,
2014). Those pixels with EPIC UVAI less than 1 are removed
since we only focus on the heavy smoke plume here.

Validation of EPIC AOD and AOCH
AOD retrieved from EPIC is compared against the AOD from the
MODIS/Aqua level 2 MYD04_3K product qualitatively. The
collocated aerosol extinction profiles at 532 nm from CALIOP

level 2 product are used to calculate an extinction weighted
aerosol height AOCHCALIOP for the validation of EPIC AOCH.

AOCHCALIOP � ∑
n
i�1βext,iZi

∑
n
i�1βext,i

(1)

where βext,i is 532 nm aerosol extinction coefficient at vertical
level iwith an altitude of Zi. The EPIC AOCH from EPIC retrieval
is also compared with TROPOMI level 2 aerosol layer height
product. The EPIC retrievals from the measurements closest to
the overpass time of Aqua, CALIPSO and TROPOMI for each
day are used in the validation. It is worth noting that CALIOP
may lack sufficient sensitivity to detect the aerosol amount at the
vertical resolution of 60 m and therefore the level 2 data product
would report those layers as no-aerosols (Winker et al., 2013).
However, since aerosols are omnipresent in the atmosphere, the
accumulation of these below-the-detection-limit 60-m layer of
aerosols can lead to a biased CALIOP AOCH. Here, to account
for this effect, we, as in our past study (Xu et al., 2019), assume a
exponentially decayed background aerosol profile with a
columnar AOD of 0.07 for those clear-air layers from
CALIOP level 2 data.

RESULTS

Further Assessment of EPIC L1B
Calibration
The EPIC TOA reflectance values at 443 and 680 nm are much
lower than the TROPOMI counterparts, while they are relatively
close to each other at 688, 764 and 780 nm. The ratios of mean
TOA reflectance of TROPOMI to EPIC are used as scaling factors
as vicarious calibration of EPIC measurements at 443, 680 and
688 nm, which are 0.894, 0.934 and 1.03, respectively. It is not
surprising that we need the corrections of −10.6% and −6.6% at

FIGURE 1 | Comparison of TOA reflectance from EPIC and TROPOMI. Four boxes (thick black polylines) with each box containing 10 × 10 pixels over a
convective cloud in Eastern America on September 15, 2020, are selected for the comparison (left). Mean TOA reflectance of 400 pixels from EPIC and TROPOMI at
443, 680, 764 and 780 nm are compared (right). TROPOMI TOA reflectance values are convolved to EPIC narrow bands using the spectral response function of EPIC.
Evaluation of the AOD and AOCH retrievals.
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443 and 680 nm to align EPIC reflectance values to TROPOMI
ones, since the EPIC calibration uncertainty is 10% at 443 nm and
8.5% at other visible and NIR bands (See section DATA/EPIC
L1B), and an uncertainty of 1.2–1.3% exists in TROPOMI UVIS
channels (Kleipool et al., 2018). While we also had similar
findings for other cases (figure not shown), more studies are
needed in the future to reduce the EPIC calibration uncertainty.
The channels of 764 and 780 nm are not scaled since the
discrepancy of the 764/780 ratio between EPIC and
TROPOMI is small, and it is the ratio of oxygen absorption
band to continuum band (688/680 and 764/780) matters in the
AOCH retrieval. Besides, the AOCH over land is primarily
retrieved from the ratio of O2 B band and its continuum,

because the O2 B band has a much lower land surface
reflectance than O2 A band.

Figure 2 shows the comparison of EPIC AOD with and
without the vicarious calibration (VC) to the MODIS MAIAC
AOD. The EPIC AOD retrieved after the VC is lower than that
before the VC (i.e., using the calibration coefficient published in
Geogdzhayev and Marshak, 2018), which is expected because
EPIC TOA reflectance at 443 nm used for AOD retrieval
decreases after VC. Generally, EPIC AOD retrieval captures
the smoke plumes shown in the EPIC true color image and
shares a similar spatial pattern with MODIS MAIAC AOD.
However, the EPIC AOD values after the VC are lower than
MAIAC AOD values. Note that the AOD retrievals from EPIC

FIGURE 2 | Comparison of EPIC AOD and MODIS MAIAC AOD for September 9 and 14–16. The first column is EPIC true color image composed of 443, 551 and
680 nmmeasurements. The second and third columns are EPIC 680 nm AOD retrievals without and with vicarious calibration. The red lines in the third columns are the
CALIOP sub-orbital tracks on each day. The last column is MODIS MAIAC AOD at 550 nm.
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and MODIS MAIAC algorithm are at different wavelengths. It is
not surprising the EPIC AOD at longer wavelength (680 nm) is
lower than MAIAC AOD at shorter wavelength (550 nm).
Previous studies reported the Angstrom exponent (AE) at
550–680 nm for aging smoke particles is at the range of
1.4–2.2 (Reid et al., 1999; Sicard et al., 2019). The ratio of
AOD at 680 nm to that at 550 nm is around 0.63–0.74 for this
range of AE, which is consistent with the comparison between
EPIC 680 nm AOD and MODIS MAIAC 550 nm AOD. Besides,
EPIC AOD retrieval has a larger spatial coverage than MAIAC
AOD over the areas with extremely heavy smoke plumes. On

September 9 and 14, MAIAC algorithm has little valid retrievals
over the downwind region of the west coast of United States and
South of the Great Lakes, respectively, which can be identified as
heavy smoke layers from the EPIC true color images (Figure 1)
and EPIC UVAI data (Figure 2). This is understandable because
the operational algorithm can often mis-classify heavy aerosol
layers as cloud layers and so, no retrievals of AOD are made in
these cases (Shi et al., 2019). In addition, we also compared our
EPIC AOD retrieval to the AERONET level 1.5 AOD product.
We find the root mean square error (RMSE) decreases from 0.68
to 0.37 and the correlation coefficient (R) value increase by 0.25

FIGURE 3 | Comparison of EPIC AOCH and TROPOMI operational ALH product for September 9 and 14–16. The first and second columns are EPIC AOCH
retrievals without and with vicarious calibration. The red lines in the second columns are the CALIOP sub-orbital tracks on each day. The third column is the TROPOMI
operational ALH product from KNMI. The last column is the EPIC UVAI.
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after the VC. This suggests a better EPIC AOD retrieval with the
VC (figure not shown). We will continue to assess the VC once
the best quality level 2.0 AOD data is available.

The EPIC AOCH retrievals before and after the VC are
compared with TROPOMI operational ALH product from
KNMI (Royal Netherlands Meteorological Institute)
(Figure 3). The EPIC AOCH values increase by 3–4 km after
the VC, mainly due to the VC-induced increase of 688/680 ratio.
TROPOMI operational ALH values is lower than EPIC AOCH
values with the VC by 2–3 km. However, TROPOMI operational
ALH product has large uncertainty especially over land. Nanda
et al. (2020) reported that TROPOMIALH product has a negative
bias and can be lower than CALIOP ALH by 2.41 km over land
and 1.03 km over ocean on average.

To further evaluate the EPIC AOCH retrieval with the VC, the
extinction-weighted heights calculated from the CALIOP aerosol
extinction profile are used (Figures 4, 5). The CALIOP tracks are
marked by the red lines in Figure 3. As shown by Figure 4, the
EPIC AOCH after the VC matches the CALIOP AOCH well,
while the EPIC AOCH retrieval without the VC is lower than the
CALIOP AOCH by 1–3 km. Figure 5 indicates that not only the
RMSE reduces from 2.76 to 0.91 km after the VC, but the
correlation coefficient (R) also improves from 0.736 to 0.885.
The discrepancy between CALIOP AOCH and EPIC

counterparts with the VC is generally less than 1 km, which is
lower than the uncertainty of more than 2 km over land for
TROPOMI operational ALH product (Nanda et al., 2020; Chen
et al., 2021).

Hourly Change of AOCH and Its Potential
Application to Surface PM2.5 Estimate
The diurnal variation of smoke layer height over land from local
morning to local noon time (17:06–20:42 UTC) on September 7 is
investigated to reveal the implications of aerosol layer height on
the surface PM2.5 pollution (Figure 6). We did not extend the
analysis to the afternoon because the fire activity and probably the
smoke optical depth reach the peak in the late afternoon (Giglio
et al., 2006). It would be more helpful to investigate the time
period when the smoke optical depth changes little, but show a
large hourly variation, since our focus here is to illustrate the
implications of hourly variation of smoke height on the surface
PM2.5. The heavy smoke layer extended from California to the
Colorado, which can be clearly seen from the EPIC true color
image and UVAI maps. The surface PM2.5 concentrations
measured at EPA sites in California, southern Nevada and
Utah exceed the National Ambient Air Quality Standard
(NAAQS) for 24-h PM2.5 pollution (35 μg m−3). The mean

FIGURE 4 | Comparison of EPIC AOCH and CALIOP aerosol extinction profile as well as CALIOP AOCH for September 9 and 14–16. The CALIOP tracks are
marked by red lines in Figure 3. The CALIOP AOCH values are represented by black lines, and EPIC AOCH retrievals with the vicarious calibration (EPIC*) and without
the vicarious calibration (EPIC) are marked by pink and yellow lines respectively.
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AOCH values of the smoke plume decreased from 6.0 to 4.3 km
within 216 min. The hourly variations have significant impacts on
the surface PM2.5 pollution. In the areas indicated by the black
ellipse in Figure 6, the PM2.5 concentrations increase during this
time period as the smoke layer was descending. Meanwhile, the
AOD does not show much temporal variation.

For comparison, we also studied the hourly change of smoke
height and surface PM2.5 over Eastern United States from 15:00 to 16:
48 UTC on September 15 (Figure 7). Since the long-range transport
diffuses the smoke plumes, the smoke layer in Eastern United States
exhibits a smaller AOD than that over western United States on
September 7. The majority of PM2.5 measurements in Eastern
United States on September 15 are lower than 20 μgm−3. The
PM2.5 concentrations are higher in the southwest of the research
domain indicated by the pink circle in Figure 7 than that in the
northeast indicated by the black circle, with the AOD values even
lower in the southwest than northeast. Again, this is due to the lower
smoke height in the southwestern region, which also indicates the
smoke plumes already affected the surface PM2.5 concentrations at
least in the southwestern region. However, since both the AOD and
AOCH do not show much hourly variation in the whole Eastern
United States domain, the surface PM2.5 concentrations remain at
similar level during these 2 hours.

SUMMARY

This study applied vicarious calibration to EPIC measurements based
on the TROPOMI level 1B data to retrieve the smoke aerosol optical
centroid heights for the 2020 California fire events on September 7, 9

and 14–16, because the EPIC instrument does not have on-board
calibration and its after-launch calibration is out of date. The cases of
September 9 and 14–16 are used for validation of the EPIC retrievals
after the new calibration. Subsequently, the implication of hourly
variation of the smoke heights on the surface PM2.5 pollution on
September 7 and 15 is investigated.

The vicarious calibration leads to important improvement of the
EPIC AOCH retrieval. Without the new calibration, the EPIC AOCH
is lower than the CALIOPAOCHby 1–3 km,while after the vicarious
calibration, the EPIC AOCH retrieval matches with the CALIOP
AOCH very well. The RMSE of the AOCH retrievals reduces from
2.76 to 0.91 km, and the correlation coefficient increases from 0.736 to
0.885 after the vicarious calibration. The TROPOMI operational ALH
product is lower than the new EPIC AOCH retrieval by 2–3 km,
which is consistent with Nanda et al. (2020).

The case studies on September 7 and 15 indicate that the spatial
and diurnal variations of smoke plume height have significant
implications on the surface PM2.5 pollution. The hourly change
of smoke height and the response of surface PM2.5 thereafter are of
particular interest as it can be uniquely investigated via EPIC
observations. The descending of the smoke height in ∼3.5 h on
September 7 leads to the increase of surface PM2.5 concentrations. By
contrast, the smoke height did not change much during 15:00–16:48
UTC on September 15 over Eastern United States, and there is little
hourly variation in PM2.5 concentrations during this time period.

This study is the among the first to demonstrate the
feasibility to retrieve simultaneous hourly AOD and AOCH
for thick smoke plumes in the United States from a passive-
sensing instrument without on-board calibration, such as
EPIC; hourly AODs from geostationary satellites have been

FIGURE 5 | Scatter plot of EPIC AOCH retrieval and CALIOP AOCH for September 9 and 14–16. The left panel shows the EPIC retrieval without the vicarious
calibration, and the right panel shows that with the vicarious calibration.
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available but without AOCH information. As the big fires
occurred in many parts of the world in the last several years
and are likely to continue as a result of global warming, the
impacts of these fires on air quality have to be mitigated with
the better monitoring and predictions of smoke transport,
specially the placement of smoke layer in the vertical with
respect to the planetary boundary layer where human live.
While more studies are needed, the work here shows the
critical value of passive sensors such as EPIC to derive hourly
AOCH and mapping the vertical movement of smoke layer
with large spatial coverage, all of which can potentially
needed to the improvement of surface air quality
monitoring and prediction.

The major limitation of our current algorithm includes
two perspectives: 1) the surface reflectance is assumed to be
Lambertian, and we will consider BRDF in the future; 2)
sometimes the retrieval results have some shattered cloud
contamination, and we plan to apply the spectral slope test as
in Chen et al. (2021) and post processing to further remove
the cloud noise. In addition, we are going to improve the
algorithm in the following perspectives: 1) calculate the
UVAI online and set some threshold to determine whether
to do the retrieval for each pixel; 2) develop some techniques
to separate the smoke and dust aerosol and apply proper
aerosol model in the retrieval; 3) retrieve hourly AOCH and
AOD from EPIC operationally.

FIGURE 6 | Diurnal variation of EPIC AOCH and its implication on surface PM2.5 concentration from 17:06 to 20:42 UTC on September 7, 2020. The first row is
EPIC true color image, and the second row is the EPIC AOD. The third row is the EPIC AOCH retrievals, and the fourth row is the EPA surface PM2.5 mass concentrations
at 17:00, 19:00 and 21:00 UTC respectively. The last row is EPIC UVAI.
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