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Abstract. Biomass burning smoke particles, due to their submicron particle size in relation to the average
thermal infrared (TIR) wavelength, theoretically have negligible signals at the TIR channels. However, nearly
instantaneous longwave (LW) signatures of thick smoke plumes can be frequently observed at the TIR channels
from remotely sensed data, including at 10.6 µm (IR window), as well as in water-vapor-sensitive wavelengths at
7.3, 6.8, and 6.3 µm (e.g., lower, middle, and upper troposphere). We systematically evaluated multiple hypothe-
ses as to causal factors of these IR signatures of biomass burning smoke using a combination of data from the
Aqua MODerate resolution Imaging Spectroradiometer (MODIS), Aqua Cloud and the Earth Radiant Energy
System (CERES), Geostationary Operational Environmental Satellite 16/17 (GOES-16/17) Advanced Baseline
Imager, and Suomi-NPP Visible Infrared Imaging Radiometer Suite (VIIRS) and Cross-track Infrared Sounder
(CrIS). The largely clear transmission of light through wildfire smoke in the near infrared indicates that coarse or
giant ash particles are unlikely to be the dominant cause. Rather, clear signals in water vapor and TIR channels
suggest that both co-transported water vapor injected to the middle to upper troposphere and surface cooling by
the reduction of surface radiation by the plume are more significant, with the surface cooling effect of smoke
aloft being the most dominant. Giving consideration of the smoke impacts on TIR and longwave, CERES indi-
cates that large wildfire aerosol plumes are more radiatively neutral. Further, this smoke-induced TIR signal may
be used to map very optically thick smoke plumes, where traditional aerosol retrieval methods have difficulties.

1 Introduction

Biomass burning (BB) smoke, from both anthropogenic and
natural sources such as forest fires, is and remains one of
the world’s dominant aerosol classes (e.g., Crutzen and An-
dreae, 1990; Hammer et al., 2018). Significant biomass burn-
ing seasons and events occur seasonally around the globe
on every continent save Antarctica. While regions of persis-
tent burning such as central Africa and South America dom-
inate overall emissions, perhaps most dramatic are signifi-
cant midlatitude to boreal biomass burning events becoming
common in Australia, Canada, Russia, and the United States.
Recent studies have suggested that severe midlatitude to bo-

real smoke events are increasing in prevalence with plumes
covering larger areas (Bondur et al., 2020; Coogan et al.,
2020; Phillips et al., 2022; Xian et al., 2022a, b). BB par-
ticles are typically dominated by particles within the fine
mode (volume median diameter of 0.3–0.6 µm) with a lim-
ited but broad coarse and giant mode of ash, dust, and other
biological material that at times can be large enough to be de-
tected by weather radar (Reid et al., 2005; McCarthy et al.,
2019). Because the fine mode is approximately 2 orders of
magnitude smaller than the 10–12 µm thermal infrared (IR)
wavelength regime, the aerosol optical depth (AOD, or τ )
of smoke aerosol particles is often considered negligible at
thermal IR (TIR) window channels (Sutherland and Khanna,
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1991). Previous studies of the radiative effects of smoke have
focused mainly on the top-of-atmosphere (TOA) radiative
impacts in the shortwave (SW) spectrum (< 2.2 µm) while
largely ignoring the TOA smoke aerosol radiative effects in
the longwave (LW) spectrum (e.g., Chylek and Wong, 1995;
Christopher and Zhang, 2002).

Despite the theoretical negligence of smoke particles in
the TIR, easily observable BB aerosol signatures of very op-
tically thick smoke plumes can be seen in the LW channels of
weather satellite imagery. Such an example of a dense smoke
plume was provided by the NASA Aqua MODerate resolu-
tion Imaging Spectroradiometer (MODIS) for the 2021 Dixie
fire in northeastern California on 22 July 2021 (21:10 UTC;
Fig. 1a–f). Figure 1a shows the Aqua MODIS true-color im-
age of the smoke plume. On this day, the Dixie fire was in the
middle of the Aqua swath, allowing for the highest resolution
possible from the MODIS instrument. Remarkably, the visi-
bly dense smoke pattern seen in Fig. 1a is barely noticeable in
the (Fig. 1b) 1.24 and (Fig. 1c) 2.13 µm channels other than
through isolated pyrocumulus with heights < 5 km (Fig. 1b
and c), yet the pattern closely matches an infrared cooling
pattern found in the brightness temperature data from the
MODIS 11 µm channel in Fig. 1f. Within the plume region,
11 µm brightness temperatures are as much as 25 K lower
than in nearby regions outside the plume. While less sig-
nificant than the 11 µm brightness temperature cooling, the
MODIS (Fig. 1d) 3.75 µm and (Fig. 1e) 7.32 µm brightness
temperatures also show evidence of plume-related cooling
signatures.

There are several possible reasons for the observed smoke
IR signals. Firstly, residual ash or entrained soil particles,
which can have particle size up to 1+ mm in diameter (Reid
et al., 2005; Kavouras et al., 2012), may exist in smoke
plumes and introduce detectable signals at the IR spectrum.
Secondly, smoke plumes have been found to contain higher
water vapor mixing ratios than the ambient air due to evap-
oration of liquid water in the biomass and by entrainment of
lower atmosphere water vapor (e.g., Clements et al., 2006,
2007; Parmar et al., 2008; Pistone et al., 2021). The ele-
vated water vapor amount could also introduce thermal sig-
nals at the IR channels. Lastly, by reducing surface down-
welling solar radiation, smoke plumes could cause surface
and near-surface atmospheric cooling (Westphal and Toon,
1991; Robock, 1988, 1991; Zhang et al., 2016; Carson-
Marquis et al., 2021), which may also introduce IR signals
as detected from space. By using the thermal contrast be-
tween the cooled plume regions and the surrounding clear
regions in MODIS 11.0 µm brightness temperature, Lya-
pustin et al. (2020) developed a method for deriving plume
heights over dense smoke plumes from the Rocky Mountains
in 2008 by attributing thermal signature absorption by en-
trained gas species within the plume (carbon dioxide, water
vapor, nitrous oxide, methane, and ammonia) and pyrocumu-
lus clouds; surface irradiance reduction and cooling of the
surface below the plume are assumed to be negligible. Also,

only the MODIS 11.0 µm brightness temperature was used
in the study and no exploration was conducted for other IR
channels. Clearly, there is a need to carefully study the causes
of the smoke-induced TOA IR cooling at various IR channels
that can be impacted by smoke aerosol.

In addition to the impact of smoke on individual infrared
channels, there is likely an integrated effect of smoke across
the solar and terrestrial radiation spectrums. Indeed, while
it is well-known that smoke plumes impact broadband ra-
diation at the SW spectrum (Christopher and Zhang, 2002;
Zhang et al., 2005), we found by examining TOA upwelling
LW fluxes derived from the Aqua Cloud and the Earth Radi-
ant Energy System (CERES) instrument, smoke plumes can
also have counteracting SW and LW impacts on the TOA en-
ergy balance (e.g., Fig. 1g and h, respectively). By compar-
ing MODIS true-color imagery (Fig. 1a) with these CERES
fluxes and the overall TOA net flux (Fig. 1i), the net daytime
flux perturbation from smoke aerosols is largely diminished.
While SW fluxes within the plume region are as much as
80 Wm−2 higher than in nearby clear-sky regions, LW fluxes
in those same regions are about 50 Wm−2 lower than in
the clear-sky areas, with the resulting net daytime fluxes be-
ing only 30 Wm−2 higher than the surrounding areas. While
the “surface dimming effect” of aerosol particles and sub-
sequent surface cooling effect are well-documented (Wild,
2009; Zhang et al., 2016; Carson-Marquis et al., 2021), this
is in contrast to the use of CO2 and water vapor in the smoke
aerosol dispersed phase to infer plume heights (e.g., Lya-
pustin et al., 2020), which is not unreasonable given the
smoke’s clear impact on water vapor channels. Yet, inline
aerosol models with coupled radiation typically ignore the
aerosol dispersed-phase contributions of entrained water va-
por. This conundrum requires attribution of constituents ver-
sus surface cooling in order to understand radiative perturba-
tions to the surface, atmosphere, and TOA regimes.

From Aqua MODIS and CERES observations, it is evident
that the dense smoke plumes cause observable cooling sig-
nals across multiple IR wavelengths in both water vapor and
atmospheric window channels. This may ultimately lead to a
more neutral forcing from significant biomass burning events
and significant interpretation differences in surface and at-
mospheric heating and cooling rates. In this study, using a
combination of satellite observations, near-surface air tem-
perature measurements, and radiative transfer model simu-
lations, we explore the origin and radiative consequences of
biomass burning radiative signals in the infrared observed in
the Dixie fire BB aerosol plume from three possible mech-
anisms: (1) residual ash or entrained soil particles, (2) CO2
and entrained water vapor into the smoke plume, and (3) sur-
face cooling. Lastly, with the use of combined MODIS and
CERES data, we further investigate the smoke radiative ef-
fect with smoke impacts at both SW and LW for the Dixie
fire BB aerosol plume.
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Figure 1. Aqua MODIS and CERES data for the Dixie fire smoke plume over NE California on 22 July 2021 at 21:10 UTC. (a) MODIS true-
color image. (b) MODIS channel 5 (1.24 µm) shortwave (SW) IR reflectance. (c) MODIS channel 7 (2.1 µm) SWIR reflectance. (d) MODIS
channel 20 (3.9 µm) IR brightness temperature. (e) MODIS channel 28 (7.32 µm) water vapor IR brightness temperature. (f) MODIS chan-
nel 31 (11.0 µm) thermal IR brightness temperature. (g) CERES TOA shortwave (SW) flux. (h) CERES TOA longwave (LW) flux. (i) CERES
TOA total (SW+LW) flux.

2 Data and methods

Satellite observations from Aqua MODIS and CERES,
Geostationary Operational Environmental Satellite (GOES)-
16/17, Suomi-NPP Visible Infrared Imaging Radiometer
Suite (VIIRS), and Cross-track Infrared Sounder (CrIS) data
from 20 through 23 July 2021 are used to study the Dixie
fire BB aerosol plume. The Santa Barbara DISORT Atmo-
spheric Radiative Transfer (SBDART) model is used to sim-
ulate TOA radiation as observed from MODIS and GOES
for the study case. Surface observations from Automated
Surface Observing System (ASOS) data are also used from
1 July to 22 July 2021 to examine the impact of smoke on 2 m
air temperature. Lastly, CrIS data are further used to study
changes in vertical distributions of temperature and moisture
(e.g., Smith et al., 2012, 2021) for the study case.

2.1 Aqua MODIS data

The MODIS instrument is on board both the Terra and Aqua
satellites, providing spectral radiance observations at 36
channels ranging from visible to thermal IR channels (Justice
et al., 1998). Aqua MODIS channels 1 (0.62–0.67 µm, 250 m
resolution), 5 (1.23–1.25 µm, 500 m resolution), 7 (2.11–
2.16 µm, 500 m resolution), 20 (3.66–3.84 µm, 1 km resolu-
tion), 28 (7.18–7.48 µm, 1 km resolution), and 31 (10.78–
11.28 µm, 1 km resolution) from the Collection 6.1 Aqua
MODIS Level 1B 1 km radiance data product MYD021KM
are used (MODIS Characterization Support Team – MCST,
2017).
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2.2 Suomi-NPP VIIRS data

The Suomi National Polar-orbiting Partnership (Suomi-NPP)
VIIRS provides upwelling radiance measurements across
22 channels ranging from the visible to the thermal IR chan-
nels (Lee et al., 2006). Level 1B calibrated radiances from
Suomi-NPP are used in this study to investigate the thermal
characteristics of dense smoke plumes in the overnight hours.
VIIRS moderate-resolution channels 5 (0.67 µm) and 15
(10.76 µm) and the day–night band (DNB) are analyzed, all
of which have 750 m spatial resolution. The VIIRS DNB uses
a panchromatic wavelength range (0.5–0.9 µm) to measure
reflected solar or lunar light on nights with at least a half-
illuminated lunar disk. In this study, we use Suomi-NPP VI-
IRS data products VNP02MOD (data for channels 5 and 15)
and VNP02DNB (DNB reflectance data), along with geolo-
cation products VNP03MOD and VNP03DNB (Lin et al.,
2020, 2022; Wolfe et al., 2013a, b).

2.3 GOES-16/17 data

Geostationary Operational Environmental Satellite (GOES)-
16/17 Advanced Baseline Imager (ABI) Level 1B radiances
(Schmit et al., 2017) are used to study the temporal variation
of the smoke plume and its impacts on the Dixie fire case.
ABI also has the advantage of multiple water vapor chan-
nels. The GOES-16/17 ABI provides scans of the contigu-
ous United States (CONUS) domain every 5 min across 16
channels, ranging from the visible to the TIR (Schmit et al.,
2017), with GOES-16/17 Level 1B radiances being studied
for the Dixie fire case. GOES-16/17 radiances from CONUS
scan from channels 2 (0.64 µm, spatial resolution 0.5 km),
6 (2.2 µm, spatial resolution 2 km), 7 (3.9 µm, spatial res-
olution 2 km), 8 (upper-level water vapor, 6.19 µm, spatial
resolution 2 km), 9 (mid-level water vapor, 6.95 µm, spatial
resolution 2 km), 10 (lower-level water vapor, 7.34 µm, spa-
tial resolution 2 km), and 13 (clean IR longwave window
10.35 µm, spatial resolution 2 km) at 3 h intervals between
12:00 UTC 20 July 2021 and 03:00 UTC 22 July 2021 were
provided by the University of Wisconsin–Madison Space
Science and Engineering Center (SSEC). Additional GOES-
16/17 CONUS scans for every 5 and 30 min throughout the
study period were separately accessed from the Amazon Web
Services (AWS) online data bucket at https://noaa-goes17.s3.
amazonaws.com/index.html (last access: 20 October 2023)
and https://noaa-goes16.s3.amazonaws.com/index.html (last
access: 20 October 2023).

2.4 Suomi-NPP CrIS data

The Suomi-NPP Cross-track Infrared Sounder (CrIS) is a hy-
perspectral spectrometer that measures upwelling radiances
across 1305 channels in the longwave IR, midwave IR, and
shortwave IR, allowing for the retrieval of atmospheric tem-
perature and moisture profiles (Han et al., 2013). Clear-sky
retrievals of surface skin temperature as well as profiles of

atmospheric air temperature and mixing ratio (Smith et al.,
2012, 2021) within and surrounding the Dixie fire smoke
plume are analyzed in this study.

2.5 CERES data

The Cloud and the Earth Radiant Energy System (CERES)
instrument, on board the Terra, Aqua, and NOAA-20 satel-
lites, measures broadband radiance at the SW and total spec-
tra, which are further used for estimating TOA SW and LW
fluxes using predefined angular distribution models (Wielicki
et al., 1996; Su et al., 2015a, b). The spatial resolution for
each CERES pixel is on the order of 10 km at nadir. The
CERES single scanner footprint (SSF) data, which contain
co-located MODIS (aerosol and cloud) and CERES data, are
used in this study to quantify how the thick aerosol plumes
and associated TIR brightness temperature reduction relate
to TOA upwelling radiation. To co-locate the MODIS radi-
ance and CERES data in this study, all MODIS pixels within
0.1◦ latitude and longitude of each CERES pixel are aver-
aged.

2.6 ASOS data

The 2 m air temperature data from two ground sta-
tions in northeastern California are used to study the
surface temperature effects of the dense smoke plume
on 22 July 2021: O05 (Chester, California) and AAT
(Alturas, CA). ASOS data from O05 and AAT sta-
tions were downloaded from the Iowa State University
ASOS database (https://mesonet.agron.iastate.edu/request/
download.phtml?network=AWOS, last access: 17 November
2021) for the period between 1 and 23 July 2021. While sta-
tion O05 was covered with smoke on the study days (21–
22 July 2021), station AAT, which is 146 km northeast of
O05, is free from heavy smoke on 22 July 2021. The ASOS
data from the beginning of the month are used to develop a
baseline diurnal cycle for each station to compare with the
cycles from the smoky day of 22 July 2021. The “baseline”
period is chosen to be 1 to 13 July 2021 because the Dixie
fire had not yet started (and thus there was no smoke), and
through visual inspection of satellite imagery it was deter-
mined that there were very few clouds over the region over
this period, so the diurnal cycles from each day within this
period were unperturbed by clouds and smoke.

While there are several other ASOS stations near O05
(CIC, RBL, OVE, and SVE), these sites are not included
in the study for several reasons. First, due to the fact that
the study region in northeastern California covers the north-
ern ends of both the Sierra Nevada mountains and Califor-
nia’s Central Valley, there are significant elevation differ-
ences across the study region. While ASOS stations CIC,
RBL, and OVE are close to the station of interest (O05),
these stations are located in the Central Valley at elevations
nearly 1 km below O05. These elevation discrepancies cause
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changes to the diurnal temperature cycles at the stations and
complicate attempts to study changes to the diurnal temper-
ature cycles caused by thick smoke plumes. Second, while
ASOS station SVE is very close to O05, it suffered from ex-
tended reporting outages during the study period, especially
on 22 July 2021. A large portion of the outage on 22 July
2021 took place during middle and late afternoon hours, pre-
cisely the time when the overhead smoke plume at O05 was
the thickest and caused the strongest cooling at O05, making
any temperature comparisons between the two stations im-
possible. The ASOS station in Alturas, CA (AAT), northeast
of station O05, is at a similar elevation as O05; it had no data
quality issues during this period and is thus also used.

2.7 NEXRAD data

To assist with determining the impacts of possible large
BB smoke particles and/or hydrometeors on the observed
TIR signal, we analyze NOAA Next Generation Radar
(NEXRAD) data in the smoke plume region. NEXRAD is
a network of 160 Weather Surveillance Radar-1988 (WSR-
88D) 10 cm wavelength radars spread across the United
States and its military installations (NOAA National Weather
Service – NWS – Radar Operations Center, 1991). Level
II NEXRAD data files containing observations of reflec-
tivity and cross-correlation ratio from the Beale Air Force
Base (KBBX, southwest of the Dixie fire) and Reno, NV,
National Weather Service (KRGX, southeast of the Dixie
fire) WSR-88D radars for select times between 20 and
23 July 2021 are obtained from the Amazon Web Ser-
vices NEXRAD data repository (https://s3.amazonaws.com/
noaa-nexrad-level2/index.html, last access: 2 August 2023).
Composite reflectivity is defined as the maximum radar re-
flectivity observed across any of the elevation angles over a
given point and is used in this study to identify the general
location of radar returns within the entire smoke plume re-
gion. The cross-correlation ratio (or correlation coefficient)
is a measure of the similarity of the power returned in the
vertically and horizontally polarized pulses and can be used
to identify the uniformity of targets within a radar volume.
A high correlation coefficient (0.95–1.00) is associated with
uniform meteorological targets (pure snow or pure rain),
while a low correlation coefficient (< 0.8) is associated with
non-meteorological targets (i.e., birds, bugs, and ash). Anal-
ysis and visualization of the NEXRAD radar data are con-
ducted using the Python ARM Radar Toolkit (Py-ART) (Hel-
mus and Collis, 2016).

2.8 SBDART model

To investigate the differences in radiance observed by the
GOES-16/17 water vapor channels and the GOES-16/17
and MODIS thermal IR channels caused by changes in wa-
ter vapor mixing ratio, simulated TOA radiances are cal-
culated using the Santa Barbara DISORT Atmospheric Ra-

diative Transfer (SBDART) model (Ricchiazzi et al., 1998).
The SBDART model is used to simulate the Aqua MODIS
and GOES-16/17 observed TOA radiances as a function
of viewing zenith angle for different atmospheric condi-
tions, with the atmospheric profiles for the SBDART runs
being extracted from Suomi-NPP CrIS temperature and
humidity retrievals. Filter functions from various GOES
and MODIS satellite channels as used are included in
the SBDART model for simulating filtered radiances as
observed from satellites. These filter functions are ob-
tained from the EUMETSAT Numerical Weather Predic-
tion (NWP) Satellite Applications Facilities (SAF) online
archive at https://nwp-saf.eumetsat.int/site/software/rttov/
download/coefficients/spectral-response-functions/ (last ac-
cess: 10 January 2023).

3 Dixie fire BB plume TOA IR cooling sources

As mentioned in the Introduction, there are several possible
reasons for the smoke aerosols to be observable at the TIR
channels. Here we systematically examine the leading con-
tenders in the context of the 2021 Dixie fire case: (1) the im-
pact of the presence of coarse or giant aerosol particles in the
smoke or ice crystal formations for particularly high injec-
tions that may impact light extinction in the infrared, (2) the
role of injected water vapor found in free-tropospheric smoke
plumes (e.g., Pistone et al., 2021), and (3) the reduction in
downwelling solar radiation reaching the surface response of
soil temperature (e.g., Zhang et al., 2016; Carson-Marquis
et al., 2021).

3.1 Co-emitted coarse and giant particles

We first study the possible impacts of coarse BB particles
and/or pyrometeors on the observed TOA IR signal, with py-
rometeors defined by McCarthy et al. (2019) as pyrogenic
debris greater than 1 mm in diameter. An effective way of
estimating the size of aerosol particles from multispectral re-
motely sensed observations is with the Ångström exponent,
which defines the change in the optical depth of an aerosol
species with respect to the wavelength of the incident light,
which is related to the volumetric mean aerosol particle size
by means of

τa = τ0λ
−α, (1)

where τa is the optical depth at wavelength λ (in µm), τ0
is the optical depth at a reference wavelength (λ= 1 µm),
and α is the Ångström exponent (Ångström, 1929). A small
Ångström exponent value (e.g., < 1) indicates that the AOD
for a certain aerosol species does not vary significantly with
increasing wavelength, while large Ångström exponent val-
ues (e.g., > 1) indicate that the AOD of an aerosol species
varies significantly with increasing wavelength. For exam-
ple, coarse-mode particles such as dust have an Ångström
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exponent value of less than 1 at the visible spectrum, but fine-
mode particles such as smoke and anthropogenic fine-mode
aerosols have large Ångström exponent values (e.g., ∼ 1.5–2
at the visible spectrum). AOD of those fine-mode aerosols
decreases significantly from smaller wavelengths (visible,
∼ 0.64 µm) to larger wavelengths (SWIR, ∼ 2 µm) (West-
phal and Toon, 1991; Eck et al., 1999). Thus, we can use
these concepts to examine if large BB particles are respon-
sible for the strong TIR cooling signals seen in the smoke
plume. If the observed visible and SWIR reflectances in the
dense smoke plume are both very high, this suggests a small
Ångström exponent value, and therefore large (> 0.5 µm)
particles are widespread in the smoke plume. However, if the
observed SWIR reflectance in the plume is much lower than
the visible reflectance, this suggests a large Ångström ex-
ponent value, and therefore the plume consists primarily of
small, fine-mode (< 0.5 µm) aerosol particles (Schuster et al.,
2006).

We examine MODIS 2.1 µm reflectance, shown in Fig. 1c,
to determine if large ash particles or pyrocumulus clouds are
present in the 22 July 2021 BB plume and are contributing
to the TIR cooling signal. In an area of the plume with vis-
ibly dense smoke, the MODIS 0.64 µm reflectance is an av-
erage of 20 % higher than just outside the plume, with an
average 11 µm brightness temperature difference of 21 K be-
tween the same areas. However, the average difference in
MODIS 2.1 µm reflectance between those areas is only a sta-
tistically insignificant 0.8 %, suggesting that no relationship
exists between the 2.1 µm reflectance and the TOA cooling
and that smoke AOD–pyrocumulus cloud optical depth at
the 2.1 µm channel is nearly negligible. With the SWIR re-
flectance in the plume being significantly lower than the visi-
ble reflectance in the plume, the data suggest that the aerosols
in the smoke plume have a large Ångström exponent, which
indicates that the smoke plume is dominated by fine-mode
smoke aerosols. Therefore, it is concluded that the smoke
signature seen in the TIR channel for the 22 July 2021 case
is not caused by large debris or pyrocumulus generated from
the BB event.

While we observed a plume TIR cooling effect in MODIS
without ash effects, this does not mean that ash effects are
not universally a contributor, just not in this particular case.
For example, the Dixie fire BB aerosol plume 1 d prior
(21 July 2021, 00:00 UTC, Fig. 2) also induces an IR cool-
ing pattern, as illustrated using GOES-17 data (GOES-17
was offline on 22 July 2021 due to a “satellite anomaly
and ABI reset”, https://www.star.nesdis.noaa.gov/GOESCal/
goes_SatelliteAnomalies.php, last access: 10 June 2022).
The GOES-17 10.35 µm brightness temperatures, shown in
Fig. 2f, reveal cooling of up to 25 K in the smoke plume
region, similar in magnitude to the cooling found in the
MODIS TIR brightness temperature data from 22 July 2021.
In addition to the observed TIR cooling, plume signals are
also observable in GOES-17 water vapor channels (Fig. 2d–
f). For the smoke plume shown in the GOES-17 visible im-

age (Fig. 2a), the GOES-17 upper-level and mid-level water
vapor brightness temperatures (Fig. 2d and e) show local-
ized areas of TOA cooling downwind of the fire, with bright-
ness temperatures in these localized regions about 5 and
8 K cooler than regions just outside the plume region for
the upper- and mid-level water vapor channels, respectively.
However, the cooling pattern seen in the 10.35 µm data is not
visible in either the upper- or mid-level water vapor channels.
The GOES-17 low-level water vapor brightness temperatures
(Fig. 2f) show a combination of both cooling patterns: both
the localized cooling areas seen in the upper- and mid-level
water vapor imagery and the plume-parallel cooling pattern
seen in the thermal IR imagery are present. Within the locally
enhanced cooling seen northeast of the fire, the brightness
temperature cooling is approximately 10 K, while the plume-
parallel cooling pattern closer to the fire exhibits a cooling of
roughly 4 K relative to the surroundings.

Scanning the GOES-17 dataset, weak residual plume sig-
nals are sometimes observable from the SWIR channel when
plumes are extremely optically thick, perhaps during fire
flare-ups (as noticeable in Fig. 2g). For example, Fig. 2g
shows the time series of GOES-17 visible and SWIR re-
flectance as well as TIR brightness temperature for loca-
tions on the southern edge of the Dixie fire plume on 20 and
21 July 2021. For the two selected locations with one within
the Dixie fire plume (Fig. 2a and g, orange) and another out-
side the plume (Fig. 2a and g, blue), the visible (Fig. 2g, solid
lines) and shortwave IR (Fig. 2g, dashed lines) reflectance
and the TIR brightness temperatures (Fig. 2g, dotted lines)
are nearly identical at the two locations during the first half
of 20 July when both points were under clear skies. During
the second half of the day, when the orange site was cov-
ered by the plume, the visible reflectance at the orange site
increased to a maximum of 28 %, while the reflectance at
the blue site decreased from a maximum of 7 %, and the
TIR brightness temperature at the orange site was as much
as 15 K cooler than at the blue site, with a brief stronger dip
in TIR brightness temperature at the orange point at about
22:30 UTC caused by a short-lived pyrocumulus cloud (not
shown). While the visible reflectance and TIR brightness
temperature change drastically within the plume, the SWIR
reflectance exhibits changes of less than 5 %. This residual
plume signal, however, cannot be observed at some other lo-
cations within the plume as shown in green in Fig. 2a and g.
While about the same increase in visible reflectance and re-
duction in TIR brightness temperature are found at both the
orange and the green locations, the residual SWIR plume
signal is significantly smaller at the green point than at the
orange point, showing that the TIR cooling is not primar-
ily driven by the residual SWIR signal. Nevertheless, some
residual plume signal in the GOES-17 SWIR reflectance is
not surprising because smoke AOD at ∼ 2 µm is still around
1 %–6 % of AOD at 0.55 µm (e.g., Levy et al., 2007; Remer
et al., 2005), which may be non-negligible for very optically
thick plumes with visible AOD of above 5. This, however,

Atmos. Chem. Phys., 24, 1231–1248, 2024 https://doi.org/10.5194/acp-24-1231-2024

https://www.star.nesdis.noaa.gov/GOESCal/goes_SatelliteAnomalies.php
https://www.star.nesdis.noaa.gov/GOESCal/goes_SatelliteAnomalies.php


B. T. Sorenson et al.: Thermal infrared observations of a western United States biomass burning aerosol plume 1237

Figure 2. GOES-17 true-color (a), shortwave infrared (2.25 µm, b), thermal infrared (10.35 µm, c), upper-level water vapor (6.18 µm, d),
mid-level water vapor (6.95 µm, e), and low-level water vapor (7.34 µm, f) imagery of the Dixie fire at 21 July 2021 at 00:00 UTC. Third
row: time series of GOES-17 0.64 µm visible reflectance (solid), 2.25 µm shortwave infrared reflectance (dashed), and 10.35 µm brightness
temperature (dotted) for points outside the Dixie fire smoke plume (blue) and inside the plume (orange and green) near the fire site.

cannot totally exclude the possibility that some regions may
be polluted with large smoke debris.

As a final test of the potential impacts of pyrometeors and
hydrometeors on the observed TIR cooling signal, we com-
pare WSR-88D radar observations of the plume region to
the GOES-17 observations. Two nearby NOAA WSR-88D
radars, KBBX (Beale Air Force Base, southwest of the Dixie
fire) and KRGX (Reno, Nevada, southeast of the Dixie fire),
provided good coverage of the smoke plume area, so horizon-
tal and vertical cross sections of reflectivity and correlation
coefficient on 2021 July 21 at 00:00:00 UTC are analyzed
and shown in Fig. 3. Three cross sections of the radar data are
taken through the smoke plume, with the cross sections plot-
ted over the GOES-17 visible reflectance, SWIR reflectance,
and TIR brightness temperature in Fig. 3a–c. The plan po-
sition indicator (PPI) of reflectivity from KBBX (Fig. 3d)

shows regions of high (> 20 dBZ) reflectivity in the regions
of the smoke plume immediately downwind of the fire, but
extending no more than 20 km downwind of the beginning
of the plume. The KRGX PPI reflectivity (Fig. 3g) shows
high reflectivity in similar regions near the fire, but also has
regions of low reflectivity extending farther downwind than
the KBBX observations show. Range height indicator (RHI)
cross sections of reflectivity through the plume region along
the 36◦ azimuth from KBBX (Fig. 3e and f) show a column
of high reflectivity (maximum of 40 dBZ) and very low cor-
relation coefficient (< 0.6) centered about 70 km away from
the radar and extending up to 6 km above sea level, with mod-
erate reflectivity and a slightly higher (∼ 0.7) correlation co-
efficient observed at lower heights to about 90 km away from
the radar. The high reflectivity and low correlation coeffi-
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Figure 3. Comparison of GOES-17 and NEXRAD radar observations derived from the Beale AFB radar (KBBX, southwest of figure) and
Reno, NV, NWS radar (KRGX, southeast of figure) at 00:00 UTC on 21 July 2021. First row: GOES-17 visible reflectance (a), shortwave IR
reflectance (b), and thermal IR brightness temperature (c), with radar cross section locations added as red lines along azimuths from KBBX
and KRGX. Second row: KBBX plan position indicator (PPI) of composite reflectivity (d) and range-height indicator (RHI) of reflectivity (e)
and correlation coefficient (f). Third row: as in the second row, but for KRGX. Fourth row: as in the third row, but for a cross section much
farther downwind of the fire.

cient suggest the presence of pyrometeors in this region of
the plume.

However, a cross section of the plume from KRGX very
far downwind of the plume (Fig. 3j–l), in regions where
the GOES-17 visible reflectance shows large amounts of
smoke and the GOES-17 TIR brightness temperatures show
strong cooling, shows next to no reflectivity. The same mag-

nitudes of TIR cooling are observed far downwind of the fire,
where there are no radar returns, and very close to the fire,
where there are significant radar returns. While the KRGX
radar is at a much higher elevation than the KBBX radar
(2950 m above ground level, a.g.l., for KRGX, 67 m a.g.l. for
KBBX) and thus may not see large ash and/or pyrometeors
below the radar level, even the KBBX radar does not observe
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any returns far downwind of the fire, as indicated by both the
KBBX PPI and RHI diagrams.

While the KBBX and KRGX reflectivity and correlation
coefficient observations suggest the possible presence of py-
rometeors in the plume in close proximity to the fire (al-
though we also cannot rule out the impacts of Bragg scatter-
ing on the radar signal; Richardson et al., 2017) the GOES-
17 SWIR reflectances do not show significant increases in
reflectance in those same regions, which would be expected
if large (> 0.5 µm) particles were present in the plume. We
thus cannot conclusively state if pyrometeors were present
in large numbers across the plume region. Regardless, with
the same magnitude of strong TIR cooling being observed in
regions with no radar reflectivity and with high reflectivity,
we conclude that pyrometeors and hydrometeors are not the
primary cause of the TIR cooling signal.

3.2 Co-emitted and/or transported water vapor and
other gas species

Smoke plumes generated from biomass burning events have
been found to contain higher water vapor mixing ratios than
the ambient air (e.g., Clements et al., 2006, 2007; Parmar
et al., 2008; Pistone et al., 2021). With burning of biomass,
liquid water inside biomass is evaporated, water vapor is pro-
duced as a product of combustion, and higher near-surface
water vapor air is entrained into the plume injected into
the troposphere. The enhanced smoke plume water vapor
amount can be observed in the Dixie fire plume from water
vapor mixing ratio fields as retrieved using Suomi-NPP CrIS
data (e.g., Smith et al., 2012). Only retrievals from clear-sky
CrIS spectral radiances are shown. The retrieved water va-
por mixing ratio values at 500 mb in the Dixie fire smoke
plume in the 22 July 2021 21:21 UTC CrIS granule (Fig. 4c)
are about 0.6–0.7 g kg−1, much higher than the water vapor
mixing ratios of less than 0.2 gkg−1 found in the smoke-free
environment around the plume. The region of enhanced wa-
ter vapor mixing ratio closely matches the plume region in-
dicated in the Suomi-NPP VIIRS imagery found in Fig. 4a.
This locally enhanced mixing ratio in the plume can also be
seen in CrIS mixing ratio profiles (Fig. 4e) taken at three
points: one within the plume (blue in Fig. 4) and two out-
side the plume (orange and green in Fig. 4). The water vapor
mixing ratios at the smoky point are higher than at the clear
points in the upper portions of the profile, from about 600 mb
to 350 mb. However, below 600 mb, water vapor mixing ra-
tios at the smoky point are lower than at the clear points in
the upper portions of the profile, which may be related to re-
duced air temperature as shown in Fig. 4f.

To explore the impact of co-transported water vapor and
gas species on IR signals, both radiative transfer modeling
and satellite observations are applied. For radiative transfer
model runs, GOES-16 and Aqua MODIS IR brightness tem-
peratures are simulated as functions of viewing zenith angle
using SBDART, with the CrIS surface and profile data from

Figure 4. Suomi-NPP VIIRS 0.67 µm visible reflectance (a), CrIS
surface skin temperature (b), CrIS 500 hPa mixing ratio (c), and
CrIS 800 mb air temperature (d), as well as profiles of CrIS mixing
ratio (e) and temperature (f) from one location inside the smoke
plume (blue) and two locations outside the plume (orange and
green). The cyan shading in panels (e) and (f) denotes where the
mixing ratio at the blue point is greater than at the orange and green
points by more than 0.1 gkg−1, while the purple shading denotes
regions in which the air temperature at the blue point is less than at
the orange and green points by more than 0.5 K.

the clear (solid orange in Fig. 4e and f) and smoky (solid
blue in Fig. 4e and f) points analyzed above serving as the
input data for the simulations. The GOES-16 data are used
here because GOES-17 experienced a “satellite anomaly and
ABI reset” on 22 July 2021 (see the GOES ABI Calibration
Events Log at https://www.star.nesdis.noaa.gov/GOESCal/
goes_SatelliteAnomalies.php, last access: 10 June 2022), and
thus no GOES-17 data are available during the CrIS overpass
on that day. The GOES-16 imagery at the time of the CrIS
overpass is shown in Fig. 5a–e, and the smoke IR signals are
clearly visible in the true-color imagery in Fig. 5b, even with
a ∼ 65◦ viewing angle. The SBDART simulations are per-
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Figure 5. GOES-16 true-color imagery (a) and brightness temperatures from the thermal IR (10.35 µm, b), upper-level water vapor
(6.2 µm, c), mid-level water vapor (6.94 µm, d), and lower-level water vapor (7.34 µm, e) channels, as well as SBDART-simulated TOA
brightness temperatures for the GOES-16 upper-level water vapor (f), GOES-16 mid-level water vapor (g), GOES-16 lower-level water va-
por (h), thermal IR (i), and Aqua MODIS thermal infrared (11 µm, j) channel temperatures using the Suomi-NPP CrIS-retrieved atmosphere.
The orange and blue dots in panels (b)–(e) display the locations of the “clear” and “smoky” points for the simulations, while the dashed lines
in panels (f)–(j) represent the GOES-16 (22 July 2021, 21:20 UTC) and MODIS (22 July 2021, 21:10 UTC) viewing zenith angles for the
Dixie fire.
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formed at three GOES-16 water vapor channels, as well as
the GOES 10.35 µm and MODIS 11.0 µm channels. For each
selected channel, the baseline simulation, which is assumed
to be smoke-free, is performed using the CrIS-retrieved tem-
perature and moisture profiles as well as surface tempera-
ture from the clear point. The impacts of smoke aerosols due
to water vapor are then simulated by replacing the moisture
profile from the clear point with the CrIS-retrieved profile
from the smoky point, with all other parameters remaining
unchanged. This exercise is illustrated in Fig. 5f–j, which
shows the simulated GOES-16 and MODIS brightness tem-
peratures, with Fig. 5f–h showing the simulated GOES-16
upper-level (channel 8, 6.2 µm, with peak response at about
340 mb), mid-level (channel 9, 6.94 µm, with peak response
at about 440 mb), and lower-level (channel 10, 7.34 µm, with
peak response at about 620 mb) water vapor channels, re-
spectively, and Fig. 5i and j showing the simulated GOES
10.35 µm and MODIS 11.0 µm brightness temperatures. The
vertical dashed lines in Fig. 5f–i show the viewing zenith
angle of the GOES-16 data for the study case, and the ver-
tical dashed line in Fig. 5j shows the viewing zenith angle
of Aqua MODIS. When substituting the mixing ratio pro-
file from the smoky (blue) point into the profile for the clear
(orange) point, the resulting simulated GOES-16 upper-level,
mid-level, and low-level water vapor channel brightness tem-
peratures at the GOES-16 viewing zenith angle (green in
Fig. 5f–h) are cooler than those in the baseline run (orange
in Fig. 5f–h) by 1.5, 1.5, and 5 K, respectively. Those num-
bers are in the ballpark of, but higher than, the differences
between the brightness temperature observed at the clear and
smoky points as seen in the GOES-16 data (Fig. 5b–e), with
observed differences of 0.7, 0.2, and 1.5 K for the upper-,
mid-, and lower-level water vapor channels, respectively.

Although changes in water vapor amount affect GOES
brightness temperatures from the selected water vapor chan-
nels, the impact of water vapor on the IR window channels
(GOES 10.35 µm and MODIS 11.0 µm) is rather marginal.
When the water vapor profile from the smoky point is used,
only slight changes in both the GOES 10.35 µm (Fig. 5i)
and MODIS 11.0 µm (Fig. 5j) brightness temperatures of
less than 0.1 K are found. To further examine the impact
of water vapor on brightness temperature as observed from
the IR window channels, we double the water vapor mix-
ing ratio profile at the smoky point from the surface to a
height of 8 km, which is approximately the highest level at
which the elevated plume mixing ratios are observed in the
CrIS data. The simulated GOES-16 water vapor brightness
temperatures decrease with the doubled water vapor mix-
ing ratio, with the lower-level water vapor channel show-
ing the strongest cooling (about 10 K near nadir) and the
upper-level water vapor channel showing the smallest cool-
ing (about 5 K near nadir). These differences in brightness
temperatures are much larger than those observed from the
GOES-16 data (Fig. 5b–e), indicating that upon doubling the
water vapor mixing ratio, we greatly exceeded the actual wa-

ter vapor amount in the atmosphere over the smoky point.
Even with double the water vapor amount, the resulting sim-
ulated TIR brightness temperatures are only less than 5 K be-
low the baseline values for the IR window channels, which is
much smaller than the observed ∼ 20–25 K difference from
either MODIS (Fig. 1f) or GOES-16 (Fig. 5i).

Lyapustin et al. (2020) suggested the source of the plume
IR cooling signal to be absorption by entrained gases includ-
ing carbon dioxide, nitrous oxide, ammonia, and methane, in
addition to the enhanced water vapor from combustion, so we
also simulate Aqua MODIS and GOES-16 TOA brightness
temperatures for enhanced mixing ratios of each of these gas
constituents. Given that methane and nitrous oxide do not
absorb in either the 10.35 or 11.0 µm bands, we do not ex-
pect either of these gas species to impact the observed TIR
signals in those bands, while we could expect to see some
limited impacts from ozone, carbon dioxide, and ammonia
because they have some absorption lines near the TIR spec-
trum (Liou, 2002). For the carbon dioxide simulations, with
the SEAC4RS campaign (Toon et al., 2016) observing carbon
dioxide mixing ratios of up to 480 ppm within biomass burn-
ing smoke plumes, we simulated the MODIS and GOES-16
brightness temperatures with carbon dioxide mixing ratios of
500 and 1000 ppm. For the gas species simulations with ni-
trous oxide, ammonia, and methane, since we have no obser-
vations of the changes to the gas species mixing ratio in the
smoke plumes, we double and triple the default mixing ra-
tios of the total column gas species mixing ratio in the model
to determine if they affect the simulated brightness tempera-
tures. While not shown, the radiative transfer model simula-
tions with enhanced mixing ratios of carbon dioxide, nitrous
oxide, ammonia, and methane did not yield any significant
reduction in the simulated MODIS 11.0 µm brightness tem-
peratures; increasing the total column carbon dioxide mixing
ratio to 1000 ppm reduced the 11.0 µm brightness temper-
atures by only 0.2 K, while the simulations with increased
nitrous oxide, ammonia, and methane resulted in negligible
changes to the 11.0 µm brightness temperatures. Similar re-
sults are also found for the GOES-16 10.35 µm channel. With
the exception of the GOES-16 low-level water vapor channel,
which exhibited a cooling of about 1.2 K only for a total col-
umn methane mixing ratio increased from 1.74 to 3.74 ppm,
none of the GOES-16 water vapor channels exhibited any re-
sponse to the enhanced column gas species concentrations.
Note that high concentrations of hydrogen cyanide (HCN)
were found for the 2015 Indonesian fires (Park et al., 2021).
However, no observational HCN concentration data are avail-
able to confirm the presence of high concentrations of HCN
for this study case. Also, if absorption by HCN within the
smoke plume plays a significant role in the TIR cooling sig-
nal for this study case, we would observe cooling signals
within the smoke plume at night, but as we show later in
Sect. 3.4, no significant cooling signal is observed in the
plume region at night. We thus expect the impact of HCN
to be marginal in this case but leave further analysis of the
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impacts of HCN on the Dixie fire smoke plume to a future
study.

3.3 Surface radiative response

Finally, to test the impact of the smoke plumes on surface
conditions, we compare 2 m temperatures measured inside
and outside the thick plume region during the 22 July 2021
BB plume case. Figure 6a shows the Chester, California,
ASOS site (O05), which was under very dense smoke dur-
ing the daytime on 22 July 2021, and the Alturas, Califor-
nia, ASOS site (AAT), located in much thinner smoke to
the northeast. The similar elevations between the two sta-
tions (1382.1 m for O05 versus 1334.5 m for AAT) reduces
the amount of topographic temperature bias between the sta-
tions, and there are similar diurnal temperature variations
over non-smoky days (Fig. 6b, solid lines). To quantify the
impact of background meteorological variation on the 2 m
temperatures measured at each site, we calculated the aver-
age of the diurnal temperature cycles at each station between
1 and 13 July 2021, days that were primarily cloud-free and
before the start of the Dixie fire. As shown in Fig. 6b, the av-
erage clear-sky background temperature cycles between the
two stations are very similar during the clear-sky period be-
fore the Dixie fire began, with a maximum difference of 4 ◦C
found in the late afternoon. However, during the BB event on
22 July 2021, station O05 was significantly cooler than sta-
tion AAT during the daytime, with a temperature difference
as large as 10 ◦C in the late afternoon hours. These results in-
dicate that insolation reduction caused by the very optically
thick smoke generated a strong surface cooling during the
daytime, which could contribute significantly to the observed
smoke IR signals at the thermal IR window channels. Still,
this ∼ 10 ◦C difference in the 2 m air temperature is smaller
than the 23 K difference in MODIS TIR brightness temper-
ature due to dense smoke as shown in Fig. 1f. This is partly
because the brightness temperatures are essentially a surface
skin temperature, which is known to be significantly higher
than the air temperature under the sunny and dry conditions
commonly found in the western United States (Jin and Dick-
inson, 2010). In addition, the AAT ASOS site is not com-
pletely smoke-aerosol-free and is covered by a thin smoke
layer on 22 July 2021 (Fig. 6a). Nevertheless, these results
show that the 2 m air temperature difference is the largest of
the potential causes analyzed in this study.

With the 2 m temperature cooling being observed in the
plume region and with the SBDART results (Fig. 5) show-
ing that the enhanced plume water vapor is not responsible
for the TIR cooling, we conduct additional SBDART simu-
lations to test the impacts of the surface temperature on the
TOA TIR brightness temperatures. To achieve this goal, we
conducted simulations with a focus on altering the surface
temperatures, with the CrIS-retrieved surface temperatures
at the clear and smoky points being 325 and 294 K, respec-
tively (Fig. 4b). We first conduct a control smoky simulation,

in which the surface temperatures, as well as temperature and
moisture profiles, from the smoky point (dashed blue lines
in Fig. 5f–j) are used as input parameters. The simulated
MODIS 11.0 µm and GOES 10.35 µm brightness tempera-
tures for the control smoky simulation are about 25 K below
those for the baseline run as shown in the previous section,
with the baseline run using CrIS data over the clear point.
We also conduct an experimental smoky simulation using
the surface temperature from the smoky point with tempera-
ture and moisture profiles from the clear point (dashed pur-
ple lines in Fig. 5). Again, a ∼ 25 K difference in simulated
MODIS 11.0 µm and GOES 10.35 µm brightness tempera-
ture is found between the experimental smoky simulation and
the baseline run. Note that the only difference between the
baseline run and the experimental smoky simulation is that
the surface temperature from the smoky point is used in the
experimental smoky simulation. While not shown, an addi-
tional simulation was conducted using both the smoky sur-
face temperature and the smoky temperature profile, but the
results are nearly identical to those from the experimental
smoky simulation, indicating that the temperature of the air
column does not impact the simulated TOA TIR brightness
temperature; we note that these results are not surprising, as
the thermal emission from atmospheric gas constituents is
expected to be small compared to the surface emission. This
experiment suggests that smoke-induced surface cooling is
the primary cause of the observed smoke IR cooling.

Also, as shown in Fig. 4f, CrIS-retrieved air temperatures
below the smoke plume over the smoky point are lower than
the CrIS-retrieved air temperatures over the clear point at the
same altitude, possibly caused by shadowing induced by the
smoke plume. The cooled temperature profile beneath the
smoke plume shows that the thermal effects of the plume are
not limited to the surface temperature. Still, the abovemen-
tioned control and experimental smoky simulations suggest
that the impact of air temperature cooling due to smoke has a
marginal effect on observed TIR smoke cooling as observed
from MODIS and GOES.

3.4 Nighttime cross-check

To further study the impacts of sunlight on the observed
TIR cooling signal and as a cross-check on our previous re-
sults, we study TOA brightness temperatures from the 11 µm
channel at nighttime. In the absence of sunlight, plume-
induced surface insolation reduction is not present, which
means observable nighttime TOA IR cooling will be a func-
tion of characteristics of the plume itself, including enhanced
plume water vapor. A critical aspect of this nighttime analy-
sis is identifying the presence and strength of the BB plume
overnight, as a lack of TOA brightness temperature cool-
ing overnight could be a result of plume weakening and/or
lack of insolation. While MODIS lacks the ability to visi-
bly detect plumes overnight, the Suomi-NPP Visible Infrared
Imaging Radiometer Suite (VIIRS) day–night band (DNB),

Atmos. Chem. Phys., 24, 1231–1248, 2024 https://doi.org/10.5194/acp-24-1231-2024



B. T. Sorenson et al.: Thermal infrared observations of a western United States biomass burning aerosol plume 1243

Figure 6. (a) Aqua MODIS true-color imagery of a smoke plume in northeastern California on 22 July 2021 at 21:10 UTC. (b) Climatological
average diurnal temperature curves from ASOS stations AAT (solid blue) and O05 (solid orange), calculated using measurements taken
between 1 and 13 July 2021, are compared to 2 m temperature measurements from AAT (dashed blue) and O05 (dashed orange) taken on
22 July 2021, with the Aqua MODIS overpass time indicated by the vertical dashed black line.

Figure 7. (a) Suomi-NPP VIIRS visible (0.67 µm) reflectance from the 22 July 2021 21:24 UTC granule. (b) VIIRS day–night band (0.5–
0.9 µm) radiance from the 23 July 2021 09:42 UTC granule. (c) VIIRS visible (0.67 µm) reflectance from the 23 July 2021 21:00 UTC granule.
(d) VIIRS thermal infrared (10.76 µm) radiance from the 22 July 2021 21:24 UTC granule. (e) VIIRS thermal infrared (10.76 µm) radiance
from the 23 July 2021 09:42 UTC granule. (f) VIIRS thermal infrared (10.76 µm) radiance from the 23 July 2021 21:00 UTC granule. Note
the decreased brightness temperature range used in panel (e) compared to panels (d) and (f).

a panchromatic channel covering visible and near-infrared
wavelengths, is capable of detecting visible signals under
low-light conditions (Lee et al., 2006). VIIRS also measures
thermal IR radiances, which are used to determine if TOA
IR brightness temperature cooling is seen overnight. VIIRS
TOA IR brightness temperatures are studied in regions of
dense smoke overnight, as indicated by regions with high

DNB reflectance, to determine if the plume-induced cooling
is present overnight.

Figure 7a and d show the VIIRS 0.67 µm visible re-
flectance and 10.76 µm IR brightness temperatures on 22 July
2021 at 21:24 UTC, 14 min after the Aqua MODIS overpass
shown in Fig. 1a–f. Due to the close overpass times, both the
VIIRS visible imagery and IR imagery appear very similar
to the MODIS imagery, with a similar plume region cooling
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Figure 8. Scatter plots of CERES SW flux (a), LW flux (b), and total flux (SW+LW, c) with MODIS 11 µm brightness temperature within
the plume (blue) and outside the plume (orange) for the MODIS and CERES overpasses on 22 July 2021 at 21:10 UTC shown in Fig. 1.

exhibited by the VIIRS TOA IR brightness temperatures. In
the VIIRS imagery from the following night at 09:42 UTC on
23 July 2021, the VIIRS DNB radiances (Fig. 7b) show that,
despite changes in atmosphere and plume dynamics in the
overnight hours, the smoke remained widespread and thick
overnight; however, the associated 10.76 µm brightness tem-
peratures (Fig. 7e, note the decreased brightness temperature
range used on the color bar in this panel to show enhanced
contrast) show no noticeable signs of locally enhanced cool-
ing in the smoky regions indicated by the DNB radiances.
The following day, from 23 July 2021 at 21:00 UTC on, the
visible reflectance (Fig. 7c) and 10.76 µm brightness temper-
atures (Fig. 7f) reveal that the TOA IR cooling in the dense
smoky regions returned under sunlit conditions. This lack of
an overnight TOA cooling signal, coupled with the strong
daytime TOA cooling signals, suggests that insolation reduc-
tion is a key factor behind the observed daytime TOA cooling
and confirms the findings of the radiative transfer model sim-
ulations that enhanced plume water vapor effects are not a
primary cause of the cooling at the thermal IR window chan-
nel. Figure 7 also indirectly shows that large smoke debris
may not be the main cause of the cooling at thermal IR chan-
nel either.

4 Radiative balance implications

With this smoke-induced longwave impact observed, our un-
derstanding of smoke aerosol radiative balance must be re-
considered. In the past, the direct radiative effects of smoke
aerosols over cloud-free skies were estimated at the SW spec-
trum, as the longwave impacts of smoke aerosols in satellite
observations are considered negligible. We re-examine this
hypothesis using TOA shortwave (SW) and longwave (LW)
flux retrieved from the Cloud and the Earth’s Radiant Energy
System (CERES) instrument on board the Aqua satellite for
the 22 July 2021 21:10 UTC case as shown in Fig. 1g–i. Over
dense smoke regions as identified from the thermal and vis-
ible MODIS imagery, the TOA SW flux (SWF) data exhibit
significantly increased reflected SW energy (∼ 80 Wm−2)

compared to nearby relatively smoke-free regions, confirm-
ing the shortwave cooling effects of the plume. The observed
TOA LW fluxes reveal a similar spatial pattern, with a signifi-
cant reduction in TOA upwelling LW energy (∼−50 Wm−2)
in the same region as the increased SWF. Thus, the over-
all TOA smoke radiative impact (30 Wm−2), when consid-
ering both the LW and SW components, is less than half
what would be expected assuming that smoke aerosols only
have direct impacts in the SW spectrum. This conclusion
is supported by the scatter plot of MODIS 11 µm bright-
ness temperature against co-located CERES fluxes, shown
in Fig. 8. The CERES footprint is much larger than that of
MODIS, so before co-locating the data, all MODIS pixels
within the latitude and longitude bounds of each CERES
pixel are averaged. A negative relationship between TOA
SW flux and MODIS TOA 11.0 µm brightness tempera-
ture of −2 Wm−2 K−1 is found for CERES pixels within
the plume (Fig. 8a), with a positive relationship between
LWF and MODIS TOA 11.0 µm brightness temperature of
1.9 Wm−2 K−1 found in the plume region (Fig. 8b). Addi-
tionally, while a strong positive relationship exists between
CERES TOA total flux and MODIS brightness temperature
outside the plume, nearly no relationship exists between the
two variables within the plume (Fig. 8c). Thus, when con-
sidering the TOA longwave radiation effects of these dense
smoke plumes in terms of TOA brightness temperature, the
total radiative effect is much more neutral than the commonly
held shortwave-only effect. This indicates that the longwave
impacts of smoke aerosols need to be considered in future
studies for smoke radiative impacts.

Lastly, very optically thick smoke plumes are a difficult
obstacle for aerosol retrievals from passive sensors such as
MODIS. This is because thick plumes are often misclassi-
fied as clouds and thus removed from the retrieval process.
We argue that the reduction of brightness temperature at the
thermal IR channels may also be used as another indirect
measurement of AOD when aerosol optical depth is over
the detection limit of the traditional aerosol retrieval meth-
ods. While the work identified a relationship between the in-
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creased visible reflectance of the smoke plume (and, there-
fore, the optical depth) and the magnitude of the cooling be-
neath the plume and suggests the potential ability to retrieve
AOD of the very dense plume, further work is needed to more
effectively remove the cooling impacts of other variables and
directly relate the observable TIR cooling to an AOD.

5 Conclusions

In this study, we present observational evidence of smoke-
induced TOA infrared cooling observed from both polar-
orbiting (Aqua MODIS, Suomi-NPP VIIRS and CrIS) and
geostationary (GOES-16/17) sensors. While our analysis in-
dicates that coarse particles are not a key factor in causing
the TOA IR cooling, we identified co-emitted water vapor in
the plume and insolation reduction-induced surface cooling
as two causes, with the surface cooling being the primary fac-
tor for the IR window channels. The strong longwave cool-
ing response calls into question the long-held understanding
of BB aerosol radiative effects, as the total radiative effect
when accounting for the longwave flux reduction is signifi-
cantly smaller than the radiative effect when accounting only
for the increase in shortwave flux. The negative relationship
between TOA IR brightness temperature cooling and visible
reflectance suggests a relationship between the TOA IR cool-
ing and plume characteristics (i.e., AOD), but further work is
needed to investigate the feasibility of retrieving AOD from
the TOA IR cooling. Additionally, while this exercise is fo-
cused on studying the TIR characteristics of one fire, we
lay out the framework for future, more systematic studies of
other wildfire cases.

Code availability. Python version 3.9 programs were used to an-
alyze the MODIS, CERES, GOES-16/17, CrIS, NEXRAD, and VI-
IRS datasets studied in this paper. All associated Python programs
are available upon request to the author.

Data availability. The Level 1B Aqua MODIS data used in this
study (MYD021KM) were obtained from the NASA Level-1 and
Atmosphere Archive & Distribution System Distributed Active
Archive Center (LAADS DAAC) (https://doi.org/10.5067/MODIS/
MYD021KM.061, MODIS Characterization Support Team, 2017)
and were last accessed for this study on 10 October 2022. NOAA
Geostationary Operational Environmental Satellites (GOES) 16
and 17 were accessed on 20 October 2023 from https://registry.
opendata.aws/noaa-goes (NOAA, 2023a). NEXRAD on AWS was
accessed on 2 August 2023 from https://registry.opendata.aws/
noaa-nexrad (NOAA, 2023b). The ASOS data used in this study
were obtained from the Iowa Environmental Mesonet of Iowa
State University ASOS data archive at https://mesonet.agron.iastate.
edu/request/download.phtml (Iowa Environmental Mesonet of Iowa
State University 2021). Aqua CERES SSF Level 2 FM4 data (https:
//doi.org/10.5067/Aqua/CERES/SSF-FM3_L2.004A, NASA/LAR-
C/SD/ASDC, 2014) are used in this study, with subsets of the

FM4 CERES SSF data being obtained from the NASA Langley
Research Center (LaRC) online data archive. Suomi-NPP VIIRS
Level 1B spectral reflectance (VNP02MOD product, https://doi.
org/10.5067/VIIRS/VNP02MOD.002, NASA, 2021a; VNP02DNB
product, https://doi.org/10.5067/VIIRS/VNP02DNB.002, NASA,
2021b) and geolocation data (VNP03MOD product, https://doi.
org/10.5067/VIIRS/VNP03MOD.002, NASA, 2021c; VNP03DNB
product, https://doi.org/10.5067/VIIRS/VNP03DNB.002, NASA,
2022) were obtained from the NASA LAADS DAAC. The Suomi-
NPP CrIS data used in this study are part of the JPSS CrIS SDR
Operational (CRIS_SDR) data product, which were accessed from
the NOAA Comprehensive Large Array-Data Stewardship Sys-
tem (CLASS, https://www.avl.class.noaa.gov/saa/products/search?
datatype_family=CRIS_SDR) and were processed following the al-
gorithm described in Smith et al. (2012).

Author contributions. Authors JZ and JSR designed the experi-
ment. BTS implemented the study and worked on the data analysis.
REH and AG processed GOES-17 data. WLS Sr. processed the CrIS
data. All authors worked on writing of the paper.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Financial support. This research has been supported by the
National Aeronautics and Space Administration (grant no.
80NSSC20K1260).

Review statement. This paper was edited by Stelios Kazadzis
and reviewed by Angela Benedetti, Sophie Vandenbussche, and two
anonymous referees.

References

Ångström, A.: On the Atmospheric Transmission of Sun Ra-
diation and on Dust in the Air, Geogr. Ann., 11, 156–166,
https://doi.org/10.1080/20014422.1929.11880498, 1929.

Bondur, V. G., Mokhov, I. I., Voronova, O. S., and Sitnov,
S. A.: Satellite Monitoring of Siberian Wildfires and
Their Effects: Features of 2019 Anomalies and Trends
of 20-Year Changes, Dokl. Earth Sci., 492, 370–375,
https://doi.org/10.1134/S1028334X20050049, 2020.

Carson-Marquis, B. N., Zhang, J., Xian, P., Reid, J. S., and Mar-
quis, J. W.: Improving WRF-Chem Meteorological Analyses
and Forecasts over Aerosol-Polluted Regions by Incorporating

https://doi.org/10.5194/acp-24-1231-2024 Atmos. Chem. Phys., 24, 1231–1248, 2024

https://doi.org/10.5067/MODIS/MYD021KM.061
https://doi.org/10.5067/MODIS/MYD021KM.061
https://registry.opendata.aws/noaa-goes
https://registry.opendata.aws/noaa-goes
https://registry.opendata.aws/noaa-nexrad
https://registry.opendata.aws/noaa-nexrad
https://mesonet.agron.iastate.edu/request/download.phtml
https://mesonet.agron.iastate.edu/request/download.phtml
https://doi.org/10.5067/Aqua/CERES/SSF-FM3_L2.004A
https://doi.org/10.5067/Aqua/CERES/SSF-FM3_L2.004A
https://doi.org/10.5067/VIIRS/VNP02MOD.002
https://doi.org/10.5067/VIIRS/VNP02MOD.002
https://doi.org/10.5067/VIIRS/VNP02DNB.002
https://doi.org/10.5067/VIIRS/VNP03MOD.002
https://doi.org/10.5067/VIIRS/VNP03MOD.002
https://doi.org/10.5067/VIIRS/VNP03DNB.002
https://www.avl.class.noaa.gov/saa/products/search?datatype_family=CRIS_SDR
https://www.avl.class.noaa.gov/saa/products/search?datatype_family=CRIS_SDR
https://doi.org/10.1080/20014422.1929.11880498
https://doi.org/10.1134/S1028334X20050049


1246 B. T. Sorenson et al.: Thermal infrared observations of a western United States biomass burning aerosol plume

NAAPS Aerosol Analyses, J. Appl. Meteorol. Clim., 60, 839–
855, https://doi.org/10.1175/JAMC-D-20-0174.1, 2021.

Christopher, S. A. and Zhang, J.: Daytime Variation
of Shortwave Direct Radiative Forcing of Biomass
Burning Aerosols from GOES-8 Imager, J. At-
mos. Sci., 59, 681–691, https://doi.org/10.1175/1520-
0469(2002)059<0681:DVOSDR>2.0.CO;2, 2002.

Chylek, P. and Wong, J.: Effect of absorbing aerosols on
global radiation budget, Geophys. Res. Lett., 22, 929–931,
https://doi.org/10.1029/95GL00800, 1995.

Clements, C., Potter, B., and Zhong, S.: In situ measure-
ments of water vapor, heat, and CO2 fluxes within a
prescribed grass fire, Int. J. Wildland Fire, 15, 299–306,
https://doi.org/10.1071/WF05101, 2006.

Clements, C. B., Zhong, S., Goodrick, S., Li, J., Potter, B. E.,
Bian, X., Heilman, W. E., Charney, J. J., Perna, R., Jang, M.,
Lee, D., Patel, M., Street, S., and Aumann, G.: Observing the
Dynamics of Wildland Grass Fires: FireFlux – A Field Val-
idation Experiment, B. Am. Meteorol. Soc., 88, 1369–1382,
https://doi.org/10.1175/BAMS-88-9-1369, 2007.

Coogan, S. C. P., Cai, X., Jain, P., Flannigan, M. D., Coogan,
S. C. P., Cai, X., Jain, P., and Flannigan, M. D.: Seasonal-
ity and trends in human- and lightning-caused wildfires= 2 ha
in Canada, 1959–2018, Int. J. Wildland Fire, 29, 473–485,
https://doi.org/10.1071/WF19129, 2020.

Crutzen, P. J. and Andreae, M. O.: Biomass Burning
in the Tropics: Impact on Atmospheric Chemistry
and Biogeochemical Cycles, Science, 250, 1669–1678,
https://doi.org/10.1126/science.250.4988.1669, 1990.

Eck, T. F., Holben, B. N., Reid, J. S., Dubovik, O., Smirnov,
A., O’Neill, N. T., Slutsker, I., and Kinne, S.: Wavelength de-
pendence of the optical depth of biomass burning, urban, and
desert dust aerosols, J. Geophys. Res.-Atmos., 104, 31333–
31349, https://doi.org/10.1029/1999JD900923, 1999.

Hammer, M. S., Martin, R. V., Li, C., Torres, O., Manning, M.,
and Boys, B. L.: Insight into global trends in aerosol com-
position from 2005 to 2015 inferred from the OMI Ultra-
violet Aerosol Index, Atmos. Chem. Phys., 18, 8097–8112,
https://doi.org/10.5194/acp-18-8097-2018, 2018.

Han, Y., Revercomb, H., Cromp, M., Gu, D., Johnson, D.,
Mooney, D., Scott, D., Strow, L., Bingham, G., Borg, L.,
Chen, Y., DeSlover, D., Esplin, M., Hagan, D., Jin, X., Knute-
son, R., Motteler, H., Predina, J., Suwinski, L., Taylor, J., To-
bin, D., Tremblay, D., Wang, C., Wang, L., Wang, L., and
Zavyalov, V.: Suomi NPP CrIS measurements, sensor data
record algorithm, calibration and validation activities, and record
data quality, J. Geophys. Res.-Atmos., 118, 12734–12748,
https://doi.org/10.1002/2013JD020344, 2013.

Helmus, J. J. and Collis, S. M.: The Python ARM Radar Toolkit
(Py-ART), a Library for Working with Weather Radar Data in
the Python Programming Language, Journal of Open Research
Software, 4, e25, https://doi.org/10.5334/jors.119, 2016.

Iowa Environmental Mesonet of Iowa State University: ASOS-
AWOS-METAR Data, https://mesonet.agron.iastate.edu/request/
download.phtml, last access: 17 November 2021.

Jin, M. and Dickinson, R. E.: Land surface skin temperature clima-
tology: benefitting from the strengths of satellite observations,
Environ. Res. Lett., 5, 044004, https://doi.org/10.1088/1748-
9326/5/4/044004, 2010.

Justice, C. O., Vermote, E., Townshend, J. R. G., Defries, R.,
Roy, D. P., Hall, D. K., Salomonson, V. V., Privette, J. L.,
Riggs, G., Strahler, A., Lucht, W., Myneni, R. B., Knyazikhin,
Y., Running, S. W., Nemani, R. R., Wan, Z., Huete, A. R.,
Van Leeuwen, W., Wolfe, R. E., Giglio, L., Muller, J. P.,
Lewis, P., and Barnsley, M. J.: The moderate resolution imag-
ing spectroradiometer (MODIS): Land remote sensing for global
change research, IEEE T. Geosci. Remote, 36, 1228–1249,
https://doi.org/10.1109/36.701075, 1998.

Kavouras, I. G., Nikolich, G., Etyemezian, V., DuBois, D.
W., King, J., and Shafer, D.: In situ observations of
soil minerals and organic matter in the early phases of
prescribed fires, J. Geophys. Res.-Atmos., 117, D12313,
https://doi.org/10.1029/2011JD017420, 2012.

Lee, T. E., Miller, S. D., Turk, F. J., Schueler, C., Julian,
R., Deyo, S., Dills, P., and Wang, S.: The NPOESS VIIRS
Day/Night Visible Sensor, B. Am. Meteorol. Soc., 87, 191–200,
https://doi.org/10.1175/BAMS-87-2-191, 2006.

Levy, R. C., Remer, L. A., Mattoo, S., Vermote, E. F.,
and Kaufman, Y. J.: Second-generation operational algo-
rithm: Retrieval of aerosol properties over land from in-
version of Moderate Resolution Imaging Spectroradiometer
spectral reflectance, J. Geophys. Res.-Atmos., 112, D13211,
https://doi.org/10.1029/2006JD007811, 2007.

Lin, G., Wolfe, R. E., Zhang, P., Dellomo, J. J., and Tan,
B.: Ten Years of VIIRS On-Orbit Geolocation Cali-
bration and Performance, Remote Sensing, 14, 4212,
https://doi.org/10.3390/rs14174212, 2022.

Lin, G. G., Wolfe, R. E., Dellomo, J. J., Tan, B., and
Zhang, P.: SNPP and NOAA-20 VIIRS on-orbit geolo-
cation trending and improvements, in: Earth Observing
Systems XXV, Earth Observing Systems XXV, 215–225,
https://doi.org/10.1117/12.2569148, 2020.

Liou, K.-N.: Section 4.2. Absorption and Emission in the Atmo-
sphere, in: An Introduction to Atmospheric Radiation, edited by:
Dmowska, R., Holton, J. R., and Rossby, H. T., Elsevier, 118–
127, ISBN 978-0-12-451451-5, 2002.

Lyapustin, A., Wang, Y., Korkin, S., Kahn, R., and Winker,
D.: MAIAC Thermal Technique for Smoke Injection Height
From MODIS, IEEE Geosci. Remote S., 17, 730–734,
https://doi.org/10.1109/LGRS.2019.2936332, 2020.

McCarthy, N., Guyot, A., Dowdy, A., and McGowan, H.: Wildfire
and Weather Radar: A Review, J. Geophys. Res.-Atmos., 124,
266–286, https://doi.org/10.1029/2018JD029285, 2019.

MODIS Characterization Support Team (MCST): MODIS 1 km
Calibrated Radiances Product, NASA MODIS Adaptive Pro-
cessing System, Goddard Space Flight Center, USA [data set],
https://doi.org/10.5067/MODIS/MYD021KM.061, 2017.

NASA: VNP02MOD – VIIRS/NPP Moderate Reso-
lution 6-Min L1B Swath 750 m, NASA [data set],
https://doi.org/10.5067/VIIRS/VNP02MOD.002, 2021a.

NASA: VNP02DNB – VIIRS/NPP Day/Night Band
6-Min L1B Swath 750 m, NASA [data set],
https://doi.org/10.5067/VIIRS/VNP02DNB.002, 2021b

NASA: VNP03MOD – VIIRS/NPP Moderate Resolution Terrain-
Corrected Geolocation 6-Min L1 Swath 750 m, NASA [data set],
https://doi.org/10.5067/VIIRS/VNP03MOD.002, 2021c.

NASA: VNP03DNB – VIIRS/NPP Day/Night Band
Moderate Resolution Terrain-Corrected Geoloca-

Atmos. Chem. Phys., 24, 1231–1248, 2024 https://doi.org/10.5194/acp-24-1231-2024

https://doi.org/10.1175/JAMC-D-20-0174.1
https://doi.org/10.1175/1520-0469(2002)059<0681:DVOSDR>2.0.CO;2
https://doi.org/10.1175/1520-0469(2002)059<0681:DVOSDR>2.0.CO;2
https://doi.org/10.1029/95GL00800
https://doi.org/10.1071/WF05101
https://doi.org/10.1175/BAMS-88-9-1369
https://doi.org/10.1071/WF19129
https://doi.org/10.1126/science.250.4988.1669
https://doi.org/10.1029/1999JD900923
https://doi.org/10.5194/acp-18-8097-2018
https://doi.org/10.1002/2013JD020344
https://doi.org/10.5334/jors.119
https://mesonet.agron.iastate.edu/request/download.phtml
https://mesonet.agron.iastate.edu/request/download.phtml
https://doi.org/10.1088/1748-9326/5/4/044004
https://doi.org/10.1088/1748-9326/5/4/044004
https://doi.org/10.1109/36.701075
https://doi.org/10.1029/2011JD017420
https://doi.org/10.1175/BAMS-87-2-191
https://doi.org/10.1029/2006JD007811
https://doi.org/10.3390/rs14174212
https://doi.org/10.1117/12.2569148
https://doi.org/10.1109/LGRS.2019.2936332
https://doi.org/10.1029/2018JD029285
https://doi.org/10.5067/MODIS/MYD021KM.061
https://doi.org/10.5067/VIIRS/VNP02MOD.002
https://doi.org/10.5067/VIIRS/VNP02DNB.002
https://doi.org/10.5067/VIIRS/VNP03MOD.002


B. T. Sorenson et al.: Thermal infrared observations of a western United States biomass burning aerosol plume 1247

tion 6-Min L1 Swath 750 m, NASA [data set],
https://doi.org/10.5067/VIIRS/VNP03DNB.002, 2022.

NASA/LARC/SD/ASDC: CERES Single Scanner Footprint
(SSF) TOA/Surface Fluxes, Clouds and Aerosols Aqua-
FM3 Edition4A, NASA/LARC/SD/ASDC [data set],
https://doi.org/10.5067/AQUA/CERES/SSF-FM3_L2.004A,
2014.

NOAA: NOAA Geostationary Operational Environmental Satellites
(GOES) 16, 17 & 18, NOAA [data set], https://registry.opendata.
aws/noaa-goes, last access: 20 October 2023a.

NOAA: NEXRAD on AWS, NOAA [data set], https://registry.
opendata.aws/noaa-nexrad, last access: 2 August 2023b.

NOAA National Weather Service (NWS) Radar Operations Cen-
ter: NOAA Next Generation Radar (NEXRAD) Level 2 Base
Data, NOAA National Centers for Environmental Information,
https://doi.org/10.7289/V5W9574V, 1991.

Park, M., Worden, H. M., Kinnison, D. E., Gaubert, B., Tilmes,
S., Emmons, L. K., Santee, M. L., Froidevaux, L., and Boone,
C. D.: Fate of Pollution Emitted During the 2015 Indonesian
Fire Season, J. Geophys. Res.-Atmos., 126, e2020JD033474,
https://doi.org/10.1029/2020JD033474, 2021.

Parmar, R. S., Welling, M., Andreae, M. O., and Helas, G.: Water
vapor release from biomass combustion, Atmos. Chem. Phys., 8,
6147–6153, https://doi.org/10.5194/acp-8-6147-2008, 2008.

Phillips, C. A., Rogers, B. M., Edler, M., Cooperdock, S.,
Moubarak, M., Randerson, J. T., and Frumhoff, P. C.: Escalating
carbon emissions from North American boreal forest wildfires
and the climate mitigation potential of fire management, Science
Advances, 8, 17, https://doi.org/10.1126/sciadv.abl7161, 2022.

Pistone, K., Zuidema, P., Wood, R., Diamond, M., da Silva, A. M.,
Ferrada, G., Saide, P. E., Ueyama, R., Ryoo, J.-M., Pfister, L.,
Podolske, J., Noone, D., Bennett, R., Stith, E., Carmichael, G.,
Redemann, J., Flynn, C., LeBlanc, S., Segal-Rozenhaimer, M.,
and Shinozuka, Y.: Exploring the elevated water vapor signal as-
sociated with the free tropospheric biomass burning plume over
the southeast Atlantic Ocean, Atmos. Chem. Phys., 21, 9643–
9668, https://doi.org/10.5194/acp-21-9643-2021, 2021.

Reid, J. S., Koppmann, R., Eck, T. F., and Eleuterio, D. P.: A review
of biomass burning emissions part II: intensive physical proper-
ties of biomass burning particles, Atmos. Chem. Phys., 5, 799–
825, https://doi.org/10.5194/acp-5-799-2005, 2005.

Remer, L. A., Kaufman, Y. J., Tanré, D., Mattoo, S., Chu, D. A.,
Martins, J. V., Li, R.-R., Ichoku, C., Levy, R. C., Kleidman, R.
G., Eck, T. F., Vermote, E., and Holben, B. N.: The MODIS
Aerosol Algorithm, Products, and Validation, J. Atmos. Sci., 62,
947–973, https://doi.org/10.1175/JAS3385.1, 2005.

Ricchiazzi, P., Yang, S., Gautier, C., and Sowle, D.: SB-
DART: A Research and Teaching Software Tool for Plane-
Parallel Radiative Transfer in the Earth’s Atmosphere, B. Am.
Meteorol. Soc., 79, 2101–2114, https://doi.org/10.1175/1520-
0477(1998)079<2101:SARATS>2.0.CO;2, 1998.

Richardson, L. M., Cunningham, J. G., Zittel, W. D., Lee, R.
R., Ice, R. L., Melnikov, V. M., Hoban, N. P., and Gebauer,
J. G.: Bragg Scatter Detection by the WSR-88D. Part I: Al-
gorithm Development, J. Atmos. Ocean. Tech., 34, 465–478,
https://doi.org/10.1175/JTECH-D-16-0030.1, 2017.

Robock, A.: Enhancement of Surface Cooling Due to Forest Fire
Smoke, Science, 242, 911–913, 1988.

Robock, A.: Surface cooling due to forest fire
smoke, J. Geophys. Res.-Atmos., 96, 20869–20878,
https://doi.org/10.1029/91JD02043, 1991.

Schmit, T. J., Griffith, P., Gunshor, M. M., Daniels, J. M., Good-
man, S. J., and Lebair, W. J.: A Closer Look at the ABI
on the GOES-R Series, B. Am. Meteorol. Soc., 98, 681–698,
https://doi.org/10.1175/BAMS-D-15-00230.1, 2017.

Schuster, G. L., Dubovik, O., and Holben, B. N.: Angstrom expo-
nent and bimodal aerosol size distributions, J. Geophys. Res.-
Atmos., 111, D07207, https://doi.org/10.1029/2005JD006328,
2006.

Smith, W. L., Weisz, E., Kireev, S. V., Zhou, D. K., Li, Z., and Bor-
bas, E. E.: Dual-Regression Retrieval Algorithm for Real-Time
Processing of Satellite Ultraspectral Radiances, J. Appl. Me-
teorol. Clim., 51, 1455–1476, https://doi.org/10.1175/JAMC-D-
11-0173.1, 2012 (data available at: https://www.avl.class.noaa.
gov/saa/products/search?datatype_family=CRIS_SDR, last ac-
cess: 23 January 2024).

Smith, W. L., Revercomb, H., Weisz, E., Tobin, D., Knuteson, R.,
Taylor, J., and Menzel, W. P.: Hyperspectral Satellite Radiance
Atmospheric Profile Information Content and Its Dependence on
Spectrometer Technology, IEEE J. Sel. Top. Appl., 14, 4720–
4736, https://doi.org/10.1109/JSTARS.2021.3073482, 2021.

Su, W., Corbett, J., Eitzen, Z., and Liang, L.: Next-generation an-
gular distribution models for top-of-atmosphere radiative flux
calculation from CERES instruments: methodology, Atmos.
Meas. Tech., 8, 611–632, https://doi.org/10.5194/amt-8-611-
2015, 2015a.

Su, W., Corbett, J., Eitzen, Z., and Liang, L.: Next-generation an-
gular distribution models for top-of-atmosphere radiative flux
calculation from CERES instruments: validation, Atmos. Meas.
Tech., 8, 3297–3313, https://doi.org/10.5194/amt-8-3297-2015,
2015b.

Sutherland, R. A. and Khanna, R. K.: Optical Proper-
ties of Organic-based Aerosols Produced by Burn-
ing Vegetation, Aerosol Sci. Tech., 14, 331–342,
https://doi.org/10.1080/02786829108959495, 1991.

Toon, O. B., Maring, H., Dibb, J., Ferrare, R., Jacob, D. J.,
Jensen, E. J., Luo, Z. J., Mace, G. G., Pan, L. L., Pfister,
L., Rosenlof, K. H., Redemann, J., Reid, J. S., Singh, H. B.,
Thompson, A. M., Yokelson, R., Minnis, P., Chen, G., Jucks,
K. W., and Pszenny, A.: Planning, implementation, and scien-
tific goals of the Studies of Emissions and Atmospheric Com-
position, Clouds and Climate Coupling by Regional Surveys
(SEAC4RS) field mission, J. Geophys. Res.-Atmos., 121, 4967–
5009, https://doi.org/10.1002/2015JD024297, 2016.

Westphal, D. L. and Toon, O. B.: Simulations of microphysical,
radiative, and dynamical processes in a continental-scale forest
fire smoke plume, J. Geophys. Res.-Atmos., 96, 22379–22400,
https://doi.org/10.1029/91JD01956, 1991.

Wielicki, B. A., Barkstrom, B. R., Harrison, E. F., Lee III, R. B.,
Smith, G. L., and Cooper, J. E.: Clouds and the Earth’s Radiant
Energy System (CERES): An Earth Observing System Experi-
ment, B. Am. Meteorol. Soc., 77, 853–868, 1996.

Wild, M.: Global dimming and brightening: A re-
view, J. Geophys. Res.-Atmos., 114, D00D16,
https://doi.org/10.1029/2008JD011470, 2009.

Wolfe, R. E., Lin, G., Nishihama, M., Tewari, K. P., Tilton, J. C., and
Isaacman, A. R.: Suomi NPP VIIRS prelaunch and on-orbit geo-

https://doi.org/10.5194/acp-24-1231-2024 Atmos. Chem. Phys., 24, 1231–1248, 2024

https://doi.org/10.5067/VIIRS/VNP03DNB.002
https://doi.org/10.5067/AQUA/CERES/SSF-FM3_L2.004A
https://registry.opendata.aws/noaa-goes
https://registry.opendata.aws/noaa-goes
https://registry.opendata.aws/noaa-nexrad
https://registry.opendata.aws/noaa-nexrad
https://doi.org/10.7289/V5W9574V
https://doi.org/10.1029/2020JD033474
https://doi.org/10.5194/acp-8-6147-2008
https://doi.org/10.1126/sciadv.abl7161
https://doi.org/10.5194/acp-21-9643-2021
https://doi.org/10.5194/acp-5-799-2005
https://doi.org/10.1175/JAS3385.1
https://doi.org/10.1175/1520-0477(1998)079<2101:SARATS>2.0.CO;2
https://doi.org/10.1175/1520-0477(1998)079<2101:SARATS>2.0.CO;2
https://doi.org/10.1175/JTECH-D-16-0030.1
https://doi.org/10.1029/91JD02043
https://doi.org/10.1175/BAMS-D-15-00230.1
https://doi.org/10.1029/2005JD006328
https://doi.org/10.1175/JAMC-D-11-0173.1
https://doi.org/10.1175/JAMC-D-11-0173.1
https://www.avl.class.noaa.gov/saa/products/search?datatype_family=CRIS_SDR
https://www.avl.class.noaa.gov/saa/products/search?datatype_family=CRIS_SDR
https://doi.org/10.1109/JSTARS.2021.3073482
https://doi.org/10.5194/amt-8-611-2015
https://doi.org/10.5194/amt-8-611-2015
https://doi.org/10.5194/amt-8-3297-2015
https://doi.org/10.1080/02786829108959495
https://doi.org/10.1002/2015JD024297
https://doi.org/10.1029/91JD01956
https://doi.org/10.1029/2008JD011470


1248 B. T. Sorenson et al.: Thermal infrared observations of a western United States biomass burning aerosol plume

metric calibration and characterization, J. Geophys. Res.-Atmos.,
118, 11508–11521, https://doi.org/10.1002/jgrd.50873, 2013.

Wolfe, R. E., Lin, G., Nishihama, M., Tewari, K. P., and Mon-
tano, E.: NPP VIIRS Early On-Orbit Geometric Performance.
In Proceedings of the Earth Observing Systems XVII, San
Diego, SPIE, Bellingham, WA, Volume 8510, p. 851013,
https://doi.org/10.1117/12.929925, 2013.

Xian, P., Zhang, J., O’Neill, N. T., Toth, T. D., Sorenson, B., Co-
larco, P. R., Kipling, Z., Hyer, E. J., Campbell, J. R., Reid, J. S.,
and Ranjbar, K.: Arctic spring and summertime aerosol optical
depth baseline from long-term observations and model reanaly-
ses – Part 1: Climatology and trend, Atmos. Chem. Phys., 22,
9915–9947, https://doi.org/10.5194/acp-22-9915-2022, 2022a.

Xian, P., Zhang, J., O’Neill, N. T., Reid, J. S., Toth, T. D., Soren-
son, B., Hyer, E. J., Campbell, J. R., and Ranjbar, K.: Arc-
tic spring and summertime aerosol optical depth baseline from
long-term observations and model reanalyses – Part 2: Statis-
tics of extreme AOD events, and implications for the impact of
regional biomass burning processes, Atmos. Chem. Phys., 22,
9949–9967, https://doi.org/10.5194/acp-22-9949-2022, 2022b.

Zhang, J., Christopher, S. A., Remer, L. A., and Kaufman, Y. J.:
Shortwave aerosol radiative forcing over cloud-free oceans from
Terra: 2. Seasonal and global distributions, J. Geophys. Res.-
Atmos., 110, D10S24, https://doi.org/10.1029/2004JD005009,
2005.

Zhang, J., Reid, J. S., Christensen, M., and Benedetti, A.: An evalu-
ation of the impact of aerosol particles on weather forecasts from
a biomass burning aerosol event over the Midwestern United
States: observational-based analysis of surface temperature, At-
mos. Chem. Phys., 16, 6475–6494, https://doi.org/10.5194/acp-
16-6475-2016, 2016.

Atmos. Chem. Phys., 24, 1231–1248, 2024 https://doi.org/10.5194/acp-24-1231-2024

https://doi.org/10.1002/jgrd.50873
https://doi.org/10.1117/12.929925
https://doi.org/10.5194/acp-22-9915-2022
https://doi.org/10.5194/acp-22-9949-2022
https://doi.org/10.1029/2004JD005009
https://doi.org/10.5194/acp-16-6475-2016
https://doi.org/10.5194/acp-16-6475-2016

	Abstract
	Introduction
	Data and methods
	Aqua MODIS data
	Suomi-NPP VIIRS data
	GOES-16/17 data
	Suomi-NPP CrIS data
	CERES data
	ASOS data
	NEXRAD data
	SBDART model

	Dixie fire BB plume TOA IR cooling sources
	Co-emitted coarse and giant particles
	Co-emitted and/or transported water vapor and other gas species
	Surface radiative response
	Nighttime cross-check

	Radiative balance implications
	Conclusions
	Code availability
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Financial support
	Review statement
	References

