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Abstract. Before the launch of the TROPOspheric Moni-
toring Instrument (TROPOMI), only two other satellite in-
struments were able to observe aerosol plume heights glob-
ally, the Multi-angle Imaging SpectroRadiometer (MISR)
and Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP). The TROPOMI aerosol layer height is a poten-
tial game changer, since it has daily global coverage, and
the aerosol layer height retrieval is available in near real
time. The aerosol layer height can be useful for aviation and
air quality alerts, as well as for improving air quality fore-
casting related to wildfires. Here, TROPOMI’s aerosol layer
height product is evaluated with MISR and CALIOP obser-
vations for wildfire plumes in North America for the 2018
fire season (June to August). Further, observing system sim-
ulation experiments were performed to interpret the funda-
mental differences between the different products. The re-
sults show that MISR and TROPOMI are, in theory, very
close for aerosol profiles with single plumes. For more com-
plex profiles with multiple plumes, however, different plume
heights are retrieved; the MISR plume height represents the
top layer, and the plume height retrieved with TROPOMI
tends to have an average altitude of several plume layers.

The comparison between TROPOMI and MISR plume
heights shows that, on average, the TROPOMI aerosol layer
heights are lower, by approximately 600 m, compared to
MISR, which is likely due to the different measurement tech-
niques. From the comparison to CALIOP, our results show

that the TROPOMI aerosol layer height is more accurate over
dark surfaces, for thicker plumes, and plumes between ap-
proximately 1 and 4.5 km.

MISR and TROPOMI are further used to evaluate the
plume height of Environment and Climate Change Canada’s
operational forecasting system FireWork with fire plume in-
jection height estimates from the Canadian Forest Fire Emis-
sions Prediction System (CFFEPS). The modelled plume
heights are similar compared to the satellite observations but
tend to be slightly higher with average differences of 270–
580 and 60–320 m compared to TROPOMI and MISR, re-
spectively.

1 Introduction

Wildfires are a significant source of air pollution, which can
adversely impact the air quality in populated areas (e.g. Lan-
dis et al., 2018; Meng et al., 2019). In recent years fire be-
haviour has also become more aggressive in North America
due to increased temperatures, drought, high fuel loading and
tree death (e.g. Kitzberger et al., 2007; Littell et al., 2009;
Westerling, 2016). As such, the number and size of wildfires
have been shown to increase with larger areas being burned
(e.g. Landis et al., 2018). Wildfires emit fine particulate mat-
ter (PM2.5) and trace gases, including nitrogen oxides (NOx),
carbon monoxide (CO), and ammonia (NH3) (Akagi et al.,
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2011; Andreae, 2019, and references therein). These traces
and aerosols negatively impact air quality and are all harm-
ful to people and their environment (e.g. Anenberg et al.,
2018; Schraufnagel et al., 2019). The amounts released dur-
ing the fire are highly variable and depend on the fuel type
and intensity of the fire. Due to the nature of wildfires with
plume heights reaching several kilometres, aerosol plumes
produced by wildfires can be transported over vast distances
(e.g. Damoah et al., 2004; Derwent et al., 2004; Duck et al.,
2007; Lutsch et al., 2016, 2019). Plumes from larger fires
can thus cause aviation hazards and affect regional air qual-
ity thousands of kilometres away from the source and even
across continents (e.g. Colarco et al., 2004; Jaffe et al., 2004;
Teakles et al., 2017).

With the increased fire intensity and number of fires,
there is an increased necessity for modelling and forecast-
ing smoke impacts from wildfires to be able to accurately
predict the concentration of harmful pollutants and to issue
necessary alerts on time (e.g. Yue et al., 2015). The height of
the smoke plumes has a large influence on where these pol-
lutants are being transported. Thus, an extremely important
component in predicting the air quality due to wildfires is to
have a good understanding of the plume height and plume
rise from wildfires. If the plume height and plume rise are
not adequately simulated, the transport of pollutants, thus the
final surface-level PM2.5 concentration, will be incorrectly
modelled.

Experimentally, plume height can be measured from the
ground, aircraft and space. Satellite measurements of plume
heights have the advantage of superior coverage in com-
parison to ground-based and aircraft-borne measurements.
As such, satellite-remote sensing measurements are an es-
sential tool in observing the plume heights from wildfires.
So far only two satellite instruments, namely the Multi-
angle Imaging SpectroRadiometer (MISR; Diner et al., 1999)
and the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP; Winker et al., 2003), were able to observe the al-
titude of smoke plumes on a global scale. The time of ob-
servation and method used to determine the height of the
plume are very different for these two instruments, making
them complementary. Because the observation methods are
different, it is important to understand and quantify the dif-
ferences in the plume height retrievals. MISR observes every
scene from nine different angles, which are then used to es-
timate the height of the plume. CALIOP is an active lidar in-
strument, which can provide very detailed vertical profiles of
clouds and aerosols and can observe optically thin plumes.
However, these two instruments have the disadvantage of
very limited coverage where most fires are missed (Diner
et al., 1999; Winker et al., 2007, 2003); MISR provides
global coverage about once per week (8 d near the Equator
and every 2 d near the poles), and CALIPSO provides global
coverage about every 16 d. The recently launched Tropo-
spheric Monitoring Instrument (TROPOMI) can potentially
fill this gap due to its daily global coverage combined with

its relatively high spatial resolution. TROPOMI is a passive
sensor that provides daily global coverage. TROPOMI has
a new product that is dedicated to retrieval of the height of
tropospheric aerosols. The TROPOMI aerosol layer height
product utilizes a very different method to than those used
for MISR or CALIOP; the TROPOMI algorithm estimates
the plume height based on the absorption by oxygen (O2) in
the A band between 759 and 770 nm. A similar approach has
been applied to the measurements from the Earth Polychro-
matic Imaging Camera (EPIC) on DSCOVR (Deep Space
Climate Observatory) (Xu et al., 2017, 2019); however, this
product is currently not operational, and only a number of
case studies are available. Very recently another plume height
product has been created from MODIS observations, utiliz-
ing a thermal contrast technique (Lyapustin et al., 2019).
These estimates are available globally; however, they are lim-
ited to plume heights near thermal hotspots.

Some studies have compared MISR and CALIOP plume
heights, but very few coincident overpasses exist over fires,
and the time difference of approximately 2 h can create ad-
ditional challenges for comparing the plume heights, as the
fire is expected to increase in intensity throughout the morn-
ing, with the peak fire activity being in the early after-
noon, and changes in the planetary boundary layer tend to
be higher later in the afternoon (Kahn et al., 2008; Tosca
et al., 2011; Gonzalez-Alonso et al., 2019). CALIOP and
(standard) MISR plume heights have also been validated with
ground-based lidars (e.g. Moroney et al., 2002; Naud et al.,
2004; Kim et al., 2008; Tao et al., 2008).

In this study, the TROPOMI aerosol layer height is eval-
uated for the first time with MISR and CALIOP. The
aerosol layer height from three satellite instruments (MISR,
CALIOP, and TROPOMI) that can measure the plume height
are compared for the 2018 fire season (June–August) in
North America. Finally, we also compare the satellite ob-
served plume heights to those from Environment and Climate
Change Canada’s (ECCC) air quality forecast modelling sys-
tem, namely FireWork, with smoke plume injection heights
based on the Canadian Forest Fire Emissions Prediction Sys-
tem (CFFEPS).

This paper is organized as follows. In Sect. 2, the three dif-
ferent satellite-borne instruments and the air quality model
are described. Section 3 describes the effect of the different
measurement techniques of the satellites on the plume height
estimate solely using modelled aerosol profiles. The inter-
comparison of the plume height observations of the three
satellites and the modelled plume height are discussed in
Sects. 4 and 5, respectively. A summary and conclusions are
provided in Sect. 6.
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2 Datasets

2.1 TROPOMI

TROPOMI is the single payload on the Copernicus Sentinel-
5P satellite that was launched on 13 October 2017. The satel-
lite has near-full-surface coverage on a daily basis with a lo-
cal overpass time of around 13:30 (Veefkind et al., 2012).
The instrument has four spectrometers; three that cover the
ultraviolet–near infrared (UV-NIR) with two spectral bands
at 270–500 and 675–775 nm, and there is one for the short-
wave infrared (SWIR). The spatial resolution of TROPOMI
varies with across-track position and is between 3.6km×
7.2km (in UV-NIR) and 7.2km× 7.1km (SWIR). As of
6 August 2019, the along-track sampling has been improved
to 5.6 km.

The TROPOMI Aerosol Layer Height (AER_LH) algo-
rithm was developed by the Royal Netherlands Meteoro-
logical Institute (KNMI) and utilizes the absorption in the
oxygen A band of the spectrum between 759 and 770 nm
(Sanders and de Haan, 2016). The oxygen A band is a highly
structured line absorption spectrum with strongest absorption
lines occurring between 760 and 761 nm. An aerosol layer
aloft will decrease the photon path of the backscattered solar
radiation, due to scattering by the aerosol layer, compared to
backscattered radiation in a similar scene without the aerosol
layer. This decreases the depths of the absorption lines in
the oxygen A band of the measurements of the scene with
the aerosol layer. The aerosol layer mid-height is estimated
from a fit of the measurements to a simplified, single aerosol
layer model simulation of the oxygenA-band reflectance, us-
ing an optimal estimation scheme, under cloud-free condi-
tions. The final height reported is the difference between top
pressure and bottom pressure of the assumed uniform scat-
tering layer with a constant thickness of 50 hPa. The vertical
data resolution is continuous, and values for the aerosol layer
height (ALH) range from 1050 to 75 hPa. A more detailed
description of the TROPOMI aerosol layer height product
can be found in Nanda et al. (2019) and Sanders and de Haan
(2016). Due to the importance of the backscatter signal in the
retrieval, which can be dominated by the surface reflectance
in case of bright surfaces and thin aerosol layers, the aerosol
layer height is expected to be more robust over dark surfaces
such as sea and oceans (Sanders and de Haan, 2016).

The aerosol layer height can give insight into the height
of aerosols in the free troposphere of plumes from wildfires,
volcanoes and desert dust. This product could supply impor-
tant information in a timely manner on aerosol location and
transport of wildfire plumes for the purpose of air quality
forecasting and aviation safety.

There are two versions available for the TROPOMI aerosol
layer height; the near-real-time (NRTI) product is available
approximately 3 h after the satellite overpass, and the offline
(OFFL) product is available approximately 2 weeks after the
satellite overpass. The algorithm for the NRTI and OFFL

product is the same; however, not all products needed for
the retrieval are available in NRTI. Therefore, differences be-
tween the NRTI and OFFL products include the following:

– In NRTI the Visible Infrared Imaging Radiometer Suite
(VIIRS) cloud mask is not available, and a cloud mask
is constructed from the FRESCO cloud product, bright-
ness thresholds, and scene homogeneity.

– In the OFFL product a different solar irradiance spec-
trum may be used (if a future irradiance spectrum is
closer to the radiance measurement). This should not
change the results much.

In general, the OFFL product should perform better and is
a better choice if timeliness is not an issue. Here, we eval-
uate the OFFL version only, as the NRTI version was not
available for the time period that we investigated. As a first
indication, the quality of each successful ALH retrieval is in-
dicated by a quality assurance value (qa_value). If the input
data or measurement configuration becomes close to a pre-
defined limit, first the qa_value is lowered, if another limit
is crossed, the pixel is filtered. For example all pixels with
a solar zenith angle (SZA) below 60◦ should have a good
quality retrieval. However, for SZA> 60◦ the curvature of
the Earth and the long photon path through the atmosphere
may compromise a good retrieval. Above 75◦, no retrievals
are attempted. However, for 60◦<SZA< 75◦ the retrieval
is performed, but the qa_values are lowered to 20 %, to in-
dicate to the user to use caution. This is done for all pixels
with a (small) cloud fraction (qa lowered to 50 %), small ab-
sorbing aerosol index (AAI) (50 %), high surface roughness
(50 %), and within sunglint and south Atlantic anomaly re-
gions (50 %). Apart from the quantitative layer height, the
quality flag provided alongside can be useful by itself, e.g. to
locate and identify the presence of aerosol plumes and its
vertical shape.

2.2 MISR

The Multi-angle Imaging SpectroRadiometer (MISR) instru-
ment is on NASA’s Terra spacecraft that has been in orbit
since 1999. MISR has nine fixed push-broom cameras and
views every scene from nine different angles. Each of these
cameras has four line-array charge-coupled devices (CCDs)
covering spectral bands centred at 446, 558, 672, and 867 nm.
Its highest spatial sampling is 275 m at all angles. This de-
sign allows it to measure the height of smoke plumes using
stereoscopic techniques (Muller et al., 2002; Zakšek et al.,
2013; Fisher et al., 2014; Val Martin et al., 2018). The height
retrieval from MISR is not impacted by bright surfaces (Mo-
roney et al., 2002; Muller et al., 2002). MISR has approxi-
mately three overpasses daily over North America at around
10:30 a.m. local time, with a swath width of approximately
360 km.

An operational MISR cloud top product is available; how-
ever, the operational algorithm uses fixed parameters that
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are applied to all scenes equally (Muller et al., 2002; Nel-
son et al., 2013). Instead, the plume height used here is not
a standard product of MISR, and we used the visualization
and analysis program called the MISR INteractive eXplorer
(MINX) tool to retrieve the plume heights (Nelson et al.,
2008, 2013). This tool takes advantage of wind-direction in-
formation inherent in smoke plumes from active fires in order
to determine plume heights and wind speeds at higher resolu-
tion and with greater accuracy than provided by the standard-
operational MISR product (Kahn et al., 2007). MINX is an
interactive visualization and analysis program written in IDL
and designed to make MISR data more accessible to sci-
ence users. Its principal use is to retrieve heights and motion
for aerosol plumes and clouds using stereoscopic methods.
Within MINX, each plume has to be processed individually
and plume shapes have to be digitized manually. Moderate
Resolution Imaging Spectroradiometer (MODIS) brightness
temperature anomalies are used to help locate the fire plumes,
and plume heights are retrieved for smoke plumes close to
the fire hotspots. The red-band data have a higher horizontal
resolution (275 m); however, where contrast is poor within
plume features and between the plume and the surface, blue-
band retrievals provide better results at 1.1 km resolution
(Val Martin et al., 2018). In this study, we used the blue-band
results with “good” and “fair” quality flags. Further details
can be found in Kahn et al. (2007); Val Martin et al. (2010);
Nelson et al. (2013). Limitations of the MISR instrument in-
clude the following: (1) the narrow MISR swath limits the
frequency of global coverage; thus many smoke plumes can
be missed; (2) the overpass time of around 10:30 LT precedes
the daytime peak in fire activity.

The MODIS thermal anomaly product (MOD14) (Giglio
et al., 2003, 2006, 2016) is used here to locate the wild-
fires. We searched for clusters of thermal anomalies with a
confidence of at least 75 % and a minimum summed fire ra-
diative power (FRP) (within a 5 km radius) of at least 1000.
These locations were then used to search for plumes using
the MINX package. There are currently two MODIS instru-
ments in space, on NASA’s Terra and Aqua satellites. Day-
time measurements of Terra and Aqua are around 10:30 and
13:30 local time, respectively. For the MINX analysis, we
utilized the thermal anomalies from MODIS Terra. Note that
fires can potentially be missed for several reasons, includ-
ing when there is cloud cover, when it is under thick smoke
plumes and if the FRP signal is too low (e.g. small fires).

2.3 CALIOP

CALIOP, part of the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) satellite that
was launched in 2006, is a two-wavelength (532 and
1064 nm) polarization-sensitive lidar. CALIOP can provide
high-resolution vertical profiles of aerosols and clouds, as
well as their optical properties (Winker et al., 2003, 2007). It
is an active satellite instrument, sensing pulses of light at 532

and 1064 nm. The backscattered return is measured through
a 1 m telescope that measures the intensities at 1064 nm and
two orientations at 532 nm (parallel and perpendicular to the
polarization plane of the transmitted beam). The vertical res-
olution of the cloud and aerosol profiles is between 120 and
360 m, and the footprint is 90 m. CALIOP can detect even
very thin aerosol layers with an aerosol optical thickness of
0.01 with sufficient averaging (McGill et al., 2007). CALIOP
has approximately three overpasses at 01:30 and 13:30 lo-
cal time over North America and has a very narrow swath
width of just a hundred metres. In this study, we use the
daytime aerosol layer product v4 (Layer_Top_Altitude and
Layer_Base_Altitude) (McGill et al., 2007; Vaughan et al.,
2009), which provides the top and base height of aerosol
layers detected (between the surface and 30 km), averaged
over 5 km along the 100 m wide swath and filter out all
aerosol plumes except those containing smoke or polluted
dust (Omar et al., 2009). While CALIOP has excellent verti-
cal resolution and has the ability to resolve the layer heights
of multiple plumes in a single profile, its swath width is very
narrow and has a 16 d global coverage.

2.4 GEM-MACH

We also make use of the satellite-derived plume heights to
evaluate the modelled plume heights from an experimen-
tal version of ECCC’s FireWork biomass burning air qual-
ity forecast modelling system. The core of the FireWork
system is the Global Environmental Multiscale–Modelling
Air-quality and Chemistry (GEM-MACH) coupled meteo-
rology and chemical transport model. GEM-MACH con-
tains a detailed representation of atmospheric chemistry,
including emissions, dispersion, and removal processes of
42 gaseous and eight particle species, which reside within
the physics module of the Global Environmental Multiscale
(GEM) weather forecast model (Côté et al., 1998; Girard
et al., 2014). The operational version of the model (Moran
et al., 2010; Pendlebury et al., 2018) has a horizontal reso-
lution of 10km× 10km for the North American domain and
80 vertical levels (from the surface to approximately 0.1 hPa)
on a hybrid pressure grid. The forecast system produces air
quality forecast conditions for 48 h and is initialized every
12 h at 00:00 and 12:00 UTC.

The experimental GEM-MACH system was used as part of
an ensemble of models contributing to the Fire Influence on
Regional to Global Environments and Air Quality (FIREX-
AQ) experiment at a resolution of 2.5 km – here, the same
system was used at 10 km resolution to simulate forest fire
emissions, transformation, and transport for the summer of
2018 (1 June to 31 August 2018), with an internal model
physics time step of 7.5 min, and output provided every hour.
The outputs for the simulations included PM2.5 fields and
estimates of the aerosol optical depth at a variety of wave-
lengths calculated internally using an online Mie lookup ta-
ble (Makar et al., 2015a, b). Differences between the op-
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erational and experimental version of GEM-MACH can be
found in Table S1 in the Supplement.

Near-real-time fire hotspot information is obtained from
the three satellite sensors MODIS, the Advanced Very
High Resolution Radiometer (AVHRR) and VIIRS processed
through the Canadian Wildland Fire Information System op-
erated by the Canadian Forest Service, Natural Resources
Canada (http://cwfis.cfs.nrcan.gc.ca, last access: 1 Octo-
ber 2019; Lee et al., 2002). Hourly fire emissions and smoke
plume injection heights were estimated with the CFFEPS
module at individual hotspot locations. Fire plume injec-
tion height in GEM-MACH is parameterized in the CFFEPS
module with hourly modelled meteorology as detailed in
Chen et al. (2019). The injection height is determined based
on the balance of estimated plume buoyancy and the mod-
elled environmental lapse rate at the fire location. Total heat
flux from fire is determined from modelled fuel consumed
per area and the heat of combustion of dry wood fuel (Byram,
1959). The fraction of energy that enters the plume for con-
vection is further parameterized based on thermodynamic en-
ergy balance, accounting for heat lost to fuel, moisture, ra-
diation, conduction and incomplete combustion. The hourly
plume injection height is determined based on the dry adi-
abatic equilibrium of the buoyant plume and the modelled
environmental lapse rate at fire location. Further details de-
scribing the implementation of the GEM-MACH wildfire
component within the model can be found in e.g. Munoz-
Alpizar et al. (2017), Pavlovic et al. (2016), and Chen et al.
(2019).

Previous work with CFFEPSv2.03 (Chen et al., 2019)
showed a substantial improvement in forecast skill for daily
maximum values of particulate matter, NO2 and PM2.5 rel-
ative to the previous ECCC operational forecast, which em-
ployed a much simpler Briggs plume rise approach for for-
est fire emissions plume rise. Here, we investigate how the
particulate mass and plume injection height calculated with
GEM-MACH and from CFFEPSv4.0 and transported down-
wind over a short period of time by GEM-MACH near
fire hotspot locations compares to satellite-derived plume
heights. In order to allow a direct comparison between
satellite-derived plume heights and those predicted by GEM-
MACH/CFFEPSv4.0, the hourly modelled PM2.5 concentra-
tions were interpolated temporally to the satellite overpass
times. Only plumes due to fires are investigated; we sub-
tracted the model run without fire emissions from the run
with fire emissions to remove PM2.5 contributions from non-
fire sources.

3 Observing system simulation experiments (OSSE)

The three satellite instruments are fundamentally very dif-
ferent and use three different parts of the radiative spectrum
to determine the plume height. Here, we evaluate simulated
plume heights from model output using similar techniques

as MISR and TROPOMI, respectively, for several modelled
aerosol profiles. This will help to interpret the fundamen-
tal differences between these retrieval techniques, to confirm
whether the satellites are observing the same plume and to
evaluate the methodology for the model plume height estima-
tion best suited for comparison to the satellite-derived plume
heights. The aerosol profiles used here are 24 modelled pro-
files (from the GEM-MACH model) containing smoke at var-
ious altitudes between approximately 1 and 7 km with vari-
ous aerosol optical depths (AODs). Nine example profiles of
these 24 are shown in Fig. 1d–l. Note, this section is only us-
ing modelled aerosol profiles (no satellite observations were
used here) with the aim of evaluating the different retrieval
algorithms and understanding what simple plume height def-
initions can be used to compare the model output to the satel-
lite observations.

3.1 MISR-OSSE plume heights

In order to simulate the layer height retrieved by MISR us-
ing aerosol profiles from GEM-MACH, we rely on the con-
cept that MISR’s layer height is defined as the layer con-
tributing the most to the reflective contrast relative to the
surrounding air (Kahn et al., 2007). Thus, to determine the
MISR-equivalent plume layer height from the GEM-MACH
profiles, we simply calculate the dI/dNz weighting func-
tion, where I is the 672 nm monochromatic radiance at the
top of the atmosphere for a viewing zenith angle of 26◦.
Nz is the GEM-MACH aerosol number density at altitude
z, and the weighting function is calculated numerically by
perturbing layers of the profile independently and determin-
ing the radiance difference relative to the unperturbed case.
The PM2.5 aerosol number density vertical profile is obtained
from GEM-MACH for these smoke cases. The number den-
sity is obtained from the fine-mode mass density profile of
the model, assuming a typical mass of a fine-mode particle
of 1.55× 10−9 µg based on a particle density of 1.35 gcm−3

(Reid and Hobbs, 1998) and assuming spherical particles
with a radius of 130 nm. These approximations used here
may not necessarily reflect GEM-MACH’s predictions for
particulate mass, radius or density, but those assumptions
have been used to reflect that smoke particles tend to be
small and to make the interpretation of the results less com-
plicated by using the same assumptions for each simulated
case. The retrieved layer heights will not depend on a mul-
titude of aerosol properties. The VECTOR radiative trans-
fer (RT) model is used (McLinden et al., 2002), and aerosol
scattering is simulated using Mie theory. For the Mie cal-
culations, a gamma distribution is used for the aerosol size
distribution (Eq. 2.56 of Hansen and Travis, 1974) with an
effective radius of 130 nm, an effective variance of 130 nm,
and a size range of 0.01 to 260 nm. The complex refractive
index, 1.68+ 0.36i, is appropriate for external mixed black
carbon at 99 % relative humidity (which is expected near the
fire source) (Kou, 1996). Note that this might not reflect the
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Figure 1. Observing system simulation experiments (OSSE) results for the simple methods (see text) versus (a) simulated MISR and (b) sim-
ulated TROPOMI heights. Simulated MISR versus TROPOMI plume heights are shown in (c), together with the statistics of the line of best
fit (correlation coefficient R, slope s, and mean difference± standard deviation in kilometres). Five example profiles in which simulated
MISR and TROPOMI plume heights agree well are shown in (d)–(h), and four example profile where there are significant differences are
shown in (i)–(l). The TROPOMI-OSSE and MISR-OSSE heights (d–l) are plotted with a PM2.5 offset simply for visualization.

true aerosol size distribution of a fire smoke plume. How-
ever, the approximation can be used since the retrieved layer
contributing the most to the reflective contrast does not de-
pend on the exact size distribution used. We have also esti-
mated the plume height assuming organic carbon (OC) with
a refractive index of 1.36+0.001i (at RH= 99 %) and found
negligible differences between the plume heights obtained
assuming BC and OC refractive indices for most cases (see
Figs. S1 and S2 in the Supplement). The surface albedo pro-
vided in the TROPOMI layer height product is used for each
different scene (for MISR and TROPOMI), and five orders of

scattering were computed. For the MISR and the TROPOMI
OSSE (MISR-OSSE and TROPOMI-OSSE; see below), it is
critical to have fine layering in the radiative transfer model
simulations that serve as the pseudo-observations in order
to properly capture the shape of GEM-MACH aerosol pro-
file. For MISR simulations using VECTOR, 100 m layering
was used in the lowest 20 km of the atmosphere, and, thus,
the GEM-MACH aerosol profiles were interpolated to 100 m
layers.
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3.2 TROPOMI-OSSE plume heights

To simulate the layer height retrieval from TROPOMI, we
used MODTRAN 5.2 (Berk, 2013, and references therein) to
take advantage of the correlated-k option for simulating ra-
diances in an absorption band, namely the oxygen A band
(∼ 762 nm). The correlated-k absorption parameter data are
specified at 1 cm−1 (∼ 0.06 nm at 760 nm) resolution. The
terrain height for the MODTRAN modelling is obtained from
GEM-MACH for each scene. The radiance is convolved with
a triangular slit function with a full width at half maxi-
mum of 0.5 nm to account for the TROPOMI spectral res-
olution in channel 6 (Veefkind et al., 2012), which covers
the O2 A band. The discrete ordinates method is used to
simulate the radiative transfer with eight streams. The so-
lar zenith angle and viewing nadir angle of each scene are
taken into account (as was done for MISR-OSSE). MOD-
TRAN expects an aerosol extinction profile as an input
rather than an aerosol number density profile. This conver-
sion involves scaling the number density profile determined
in Sect. 3.1 such that the aerosol optical depth simulated by
MODTRAN is equal to the aerosol optical depth simulated
for MISR. The A-band absorption depth is used as the ob-
servable in the retrieval and is computed using the follow-
ing ratio: (I762.95+I760.75)/(I768.94+I768.82+I759.01), where
the subscripted numbers are the wavelength (in nanometres)
at which spectral radiances are simulated. The numerator is
the sum of the radiance at two wavelengths for which O2
is strongly absorbing, and the denominator contains three
wavelengths in the continuum (i.e. minimal absorption). The
retrieval method is iterative and seeks to match the observed
absorption depth with the forward modelled one by solely
varying the layer height during the retrieval. The observa-
tions involve using the GEM-MACH aerosol profile, whereas
for the forward model simulations during the retrieval, the
profile shape is not known, and we assume that the aerosol
layer has a vertical extent of 500 m with no aerosol outside
this 500 m layer. Note that TROPOMI operational algorithm
uses spectral fitting to retrieve AER_LH, whereas a simple
ratio has been used here, similar to Xu et al. (2017, 2019).
The reported layer height is the middle of this layer.

3.3 Plume height evaluation using pseudo-observations

In this section, the modelled plume heights, derived using
five simple methods, and the simulated plume height, using
modelled profiles with the MISR (Sect. 3.1) and TROPOMI
(Sect. 3.2) retrieval methods, are compared. In Sect. 3.1
and 3.2, we described methods based on remote sensing
for plume height estimation using modelled aerosol profiles.
These simulations are, however, time consuming and there-
fore not practical for the model–satellite comparison as thou-
sands of aerosol profiles would have to be simulated. Instead,
several simpler methods are considered to define plume
heights from model output, which can be used to compare

the modelled output to satellite observations in the subse-
quent section. These methods define plume height as (1) the
altitude of the model layer of the maximum PM2.5 concentra-
tion (shown as down-pointing red triangles in Fig. 1); (2) the
altitude of the highest model layer that exceeds PM2.5 con-
centration of 10 µgm−3 (shown as blue down-pointing tri-
angles in Fig. 1); (3) the altitude of the highest model layer
that exceeds 10 % of the maximum PM2.5 concentration (this
definition has previously been used in Raffuse et al. (2012);
shown as black dots in Fig. 1); (4) the average height be-
tween methods (1) and (2) (shown as right-pointing cyan tri-
angles in Fig. 1); and (5) a PM2.5 concentration weighted
average of model layer heights (shown as left-pointing ma-
genta triangles in Fig. 1). The results of this simulated plume
height comparison are shown in Fig. 1 with the reference
1 : 1 line shown as a black dash. These results show that the
methodology in which the top layer of the plume is that ex-
ceeds 10 µgm−3, method (2), is closest to the MISR simu-
lated plume heights (Fig. 1a) with a mean difference (± stan-
dard error) of −98 m (±181 m). Method (3) overestimates
the plume height consistently for all plumes. Methods (1),
(2), (4), and (5) are very close for many aerosol profiles,
but for profiles containing multiple plumes, methods (2),
(4), and (5) underestimate the MISR-simulated plume height.
For the TROPOMI-OSSE (Fig. 1b), simulated plume heights
with method (4) are the closest with a mean difference of
37±90 m, and except two profiles, the differences are all less
than 200 m. For simple plumes with one strong aerosol peak
(Fig. 1d–h), method (2) is close to the simulated TROPOMI-
OSSE plume height but tends to overestimate the plume
height of more complicated plumes with multiple aerosol
layers, while methods (1) and (5) tend to underestimate
the TROPOMI-OSSE plume height. Using method (3), with
plume height as the altitude of the highest model layer that
exceeds 10 % of the maximum PM2.5 concentration, over-
estimates the plume height for all plumes. Lastly, the simu-
lated plume heights using the MISR and the TROPOMI ap-
proaches are compared over different AOD simulated using
the VECTOR RT model (Fig. 1c). Overall, the plume heights
estimated using the five different simple methods are consis-
tent with the satellite retrievals for most plumes; however,
there are cases in which the TROPOMI-OSSE plume heights
are lower in comparison to the MISR-OSSE plume heights.
We have found these to be unrelated to the AOD of the
plume. The average mean difference (± standard deviation)
between the simulated aerosol layer heights between MISR
and TROPOMI is 0.52± 0.84 km. This difference can be at-
tributed purely to the different observation/retrieval methods
of the aerosol layer height between the two instruments.

The differences between the MISR-OSSE and TROPOMI-
OSSE plume heights were further investigated, and Fig. 1d–
l show examples of the profiles used, along with the re-
trieved plume heights. Profiles for which the MISR-OSSE
and TROPOMI-OSSE plume heights agree well are dis-
played in Fig. 1d–h, and all show one single dominant plume.
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Profiles that result in differences between MISR-OSSE and
TROPOMI-OSSE are more complicated profiles consisting
of multiple aerosol layers (Fig. 1i–l). In these cases, MISR
observes the altitude of the upper plume, whereas theA-band
method used for TROPOMI (and EPIC) retrieves an optical
centroid altitude (Xu et al., 2019). Note that retrieving a sin-
gle layer height can be difficult particularly when the volume
enclosing the plume takes the shape of a column or when
there are multiple plumes at different altitudes due to either
multiple source locations (i.e. points of origin) or shifts in the
wind direction or atmospheric stability during the course of
emissions. Large differences between TROPOMI and MISR
might be an indicator that multiple plumes are present.

4 TROPOMI aerosol layer heights

As discussed in the previous section, there are fundamen-
tal differences between the plume heights observed by the
different satellites. Here, the differences and correlation be-
tween the satellite plume height observations are discussed
in terms of what is expected from the OSSE results and due
to different observation times.

4.1 Comparison to MISR

In total, we found 115 fire plumes for which the MISR layer
height retrieval was of good (87) to fair (29) quality and
which were captured by both MISR and TROPOMI between
June and August 2018 in North America. Most of the plumes
were located in western Canada and the western US where
fire activity was high to extreme for the year. There were few
plumes in eastern Canada, in the provinces of Ontario and
Quebec, or in the states of Wyoming and Colorado in the cen-
tral US. Due to the differences in sensor spatial resolution,
each plume spanned many pixels, on the order of a several
hundred for MISR and a dozen for TROPOMI. For the com-
parison, we investigated the maximum plume heights and the
mean plume heights within those fire plumes. An example
is shown in Fig. 2 for two fires (the fire hotspot is shown
as red dots) in central British Columbia on 6 August 2018
at approximately 53◦ N, 126◦W. The plume height pixels
from MISR, TROPOMI and GEM-MACH are overlaid on
the VIIRS true colour visible imagery showing the smoke
plume (obtained from NASA Worldview; https://worldview.
earthdata.nasa.gov/, last access: 25 March 2020). For MISR a
plume has to be digitally outlined in MINX (dashed red line
in Fig. 2), this plume polygon was also used to define the
spatial extent of the same smoke plume for TROPOMI. As
MISR overpasses a location approximately 2 h earlier than
TROPOMI, MISR, and TROPOMI do not observe the fires at
exactly the same time. Forest fire emissions typically follow a
diurnal cycle with a decrease in emissions and intensity dur-
ing the night and increase throughout the day until the late af-
ternoon; hence the plume might be expected to grow between

the two overpass times. To account for plume growth from at-
mospheric dispersion over this time, the plume shape derived
for the MISR analysis was increased spatially in size by 0.15◦

in longitude and latitude for TROPOMI (see dashed navy line
in Fig. 2). All pixels within this slightly enlarged plume out-
line were assumed to belong to the same fire plume, and the
mean and the maximum of those observations were calcu-
lated for comparison with MISR. The enlarged polygon is
used as a guidance on which pixels from TROPOMI belong
to the same plume that is outlined in MINX; there is no man-
ual input or outlining required for the TROPOMI algorithm.
If the enlarged polygon is too large or the plume does not
cover the whole area, the mean will not be affected as the
TROPOMI plume heights are set to a fill value (and masked)
if no plume has been detected or retrieval did not pass the
quality control. Since the resolution of the MISR pixels is
around 1km×1km and of much finer resolution than that of
TROPOMI (5km×7km), greater variability and extremes in
plume heights are expected from MISR, with significantly
higher sampling of pixel within the same plume, as spatial
smoothing of layer height is limited. To correct the impact
of sensor resolution on the maximum plume height derived
from a cluster of pixels in a given plume, the MISR pixels
were averaged and binned on a 0.05◦× 0.05◦ grid to approx-
imately match the TROPOMI resolution.

The results of the comparison between the TROPOMI-
and MISR-derived plume heights for 155 identified col-
located fire plumes from both sensors in North America
are shown in Fig. 3. The average maximum plume heights
above ground level for the 2018 fires in North America
are, on average, 2 km (ranging between 0.4 and 5.5 km) and
1.6 km (ranging between 0.01 and 8.4 km) for MISR and
TROPOMI, respectively. The mean plume heights (above
ground level) from the 155 fire plumes are on average 1.4 km
(ranging between 0.3 and 3.2 km for MISR) and 0.8 km
(ranging between 0.01 and 2.8 km for TROPOMI). Overall,
TROPOMI’s maximum and mean plume height is on aver-
age 0.59±1.3 km and is 0.55±0.74 km lower than the plume
height derived from MISR, respectively, when horizontal res-
olution impacts have been removed by averaging, as noted
above. The mean difference found for the TROPOMI and
MISR observed plume heights is similar to those found for
the simulated plume heights of the OSSE. The maximum
plume heights from all smoke plumes are similar; however,
they have a large spread (σ = 1.3 km) and only a moderate
correlation (R = 0.44), even when taking the difference in
resolution into account by binning the data. This is expected,
and in fact the results are reasonable, since the maximum
plume height will only contain the observations of a sin-
gle TROPOMI pixel and there is a time difference between
0.5 and 3 h between the TROPOMI and MISR overpass in
which plume heights can change significantly. The average
plume heights, a more aggregated quantity, have a better
correlation with a correlation coefficient, R, with R = 0.61,
and slope of best fit, s, with s = 0.8, and TROPOMI bi-
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Figure 2. Example of two fire plumes on 6 August 2018 in British Columbia, Canada (approximately 56◦ N, 126◦W). The colour scheme
illustrates the altitude of the plume (a) as observed by MISR at 19:38 UTC, (b) modelled in GEM-MACH using CFFEPS at 19:38 UTC,
(c) observed by TROPOMI at 21:00 UTC, and (d) modelled by GEM-MACH using CFFEPS at 21:00 UTC. The dashed lines outline the
shape of the plume used for the comparison (see text for further details). (Underlying VIIRS images obtained from NASA Worldview
(https://worldview.earthdata.nasa.gov/, last access: 25 March 2020).

ased low. This low bias of the TROPOMI observations of
plume heights is expected based on the retrieval technique
(see Sect. 3), where MISR observes the top plume height and
TROPOMI observes an average plume height when multiple
layers of aerosols are present. Furthermore, despite the spa-
tial adjustment of expanding the sampling footprint of the
MISR plume, the 0.5–3 h earlier overpass time of MISR is
likely sampling plume heights earlier in the day when the
planetary boundary layer (PBL) is not fully established and
of lower fire intensity. TROPOMI plume height observations
are, therefore, expected to be slightly higher compared to
MISR because of general increases in fire intensity in the
afternoon enhancing plume advection. However, the differ-
ences between the satellite observations and the differences
of the OSSE simulated plume heights based on the satellite
retrieval algorithm (Sect. 3) are similar; no increasing plume
height is apparent from this TROPOMI and MISR dataset.

The regional distribution of the different plume heights
are illustrated in a map over locations of fire hotspots dur-
ing the analysis period (see Fig. 3d). Table 1 summarizes
the different plume heights found by MISR in comparison
to TROPOMI. The average plume heights for the maximum
and mean plume height within each of the 115 plumes are
shown for fires in different types of biomes as classified by
the International Geosphere-Biosphere Programme (IGBP).
For the comparison with MISR, enough observations within
our dataset were only found for evergreen fires. To be able to

do a quantitative regional comparison for additional vegeta-
tion types, more smoke plume observations are required.

4.2 Comparison to CALIOP

For the comparison between CALIOP and TROPOMI, only
CALIOP plume heights over North America are retained; fil-
tered out (with Feature_Classification_Flags) were the ones
categorized as clean marine, dust, polluted continental and
clean continental plumes. Thus, only plume heights contain-
ing smoke or polluted dust were selected (we found that
fire plume aerosols are classed as either smoke or polluted
dust). The maximum and mean of the TROPOMI aerosol
layer height within ±0.15◦ (∼ 15 km) of the CALIOP ob-
servations were compared. Similar to Gonzalez-Alonso et al.
(2019) we use the top and plume base from the CALIOP L2
product (aerosol layer product v4), which are on a horizontal
resolution of 5 km, similar to that of TROPOMI, and thus no
additional corrections to the sampling footprint were carried
out. Note that the CALIOP data are averaged to 5 km, how-
ever along a narrow swath (∼ 100 m), differences could arise
due to the different sampling. On average there is a small
overpass difference between these two sensors varying be-
tween −1 and 2 h (CALIOP–TROPOMI overpass) for this
dataset, so the forest fire plume height comparisons may also
be affected by plume evolution between overpasses. Unlike
TROPOMI, which provides one plume height at each sam-
pling pixel, the active lidar on CALIOP provides a detailed
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Figure 3. TROPOMI–MISR plume height comparison. In total 115 fire plumes were compared (all between June and August 2018) in
terms of (a) maximum plume height and (b) mean plume height within one wildfire plume, together with the statistics of the line of best
fit (correlation coefficient, R, and slope, s). Panel (c) shows the histogram for the differences in plume height (MISR−TROPOMI) for the
maximum (blue) and mean (red) plume height. (d) A map showing the regional distribution of those fires with the mean plume height (above
ground level) for TROPOMI (blue; left bar) and MISR (red; right bar).

plume profile, some with multiple layers of aerosol in a pro-
file. Here, we define the thickness of the plume as the dif-
ference between plume top and plume base; CALIOP’s mid-
layer height (average between plume top and base) are com-
pared to TROPOMI’s aerosol mid-layer heights. We further
found that very high plumes (> 8 km) observed by CALIOP
were not captured by TROPOMI, likely because they are
optically quite thin, and those have been removed from the
comparison. Sometimes multiple layers of aerosols can oc-
cur in a CALIOP profile. We investigated additional CALIOP
plume height interpretations to find the most representa-
tive layer height for the comparison to TROPOMI. They
are (1) the CALIOP top layer height, (2) the average of all
CALIOP-identified aerosol layers and (3) the thickest (geo-
metrical thickness) CALIOP aerosol layer. Overall, we found
that the first of these definitions is not appropriate for the

TROPOMI comparison as the top aerosol layer in CALIOP
can be a very thin plume in the upper troposphere/lower
stratosphere that is not captured by TROPOMI. The second
methodology comparing the CALIOP average of all aerosol
plumes to TROPOMI was sometimes also biased by very low
concentration layers of CALIOP aerosol at high elevations.
The third methodology was not affected by the issues for the
other two methods; using comparing the CALIOP geometri-
cally thickest aerosol layer with the TROPOMI aerosol layer
height seems the most applicable for the plume height com-
parison between those two different satellite instruments.

Figure 4 summarizes the CALIOP–TROPOMI plume
height comparison for (a) geometrically thick plumes
(> 1.5 km), (b) geometrically thin plumes, (c) a histogram
of the differences, (d) how the statistics of the compari-
son change for different plume thickness filters and (e) how
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Table 1. Summary of plume heights observed in different regions; shown is the mean (standard deviation) of the maximum and mean plume
heights for all plumes for different types of wildfires (IGBP biome). The reported altitudes are all in kilometres above ground level.

Biome name (class) No. plumes Maximum (km) Mean (km)

MISR TROP MISR TROP

All 115 2.0 (0.09) 1.4 (0.05) 1.4 (0.06) 0.7 (0.11)
Evergreen (1) 84 1.8 (0.09) 1.4 (0.05) 1.3 (0.06) 0.8 (0.09)

MISR CFFEPS MISR CFFEPS

All 70 1.7 (0.9) 2.0 (1.0) 1.3 (0.6) 1.3 (0.4)
Evergreen (1) 25 1.6 (1.0) 1.6 (0.6) 1.2 (0.6) 1.1 (0.4)

TROP CFFEPS TROP CFFEPS

All 671 2.2 (1.6) 2.5 (1.2) 0.7 (0.5) 1.1 (0.6)
Evergreen (1) 263 2.1 (1.3) 2.3 (0.9) 0.7 (0.4) 1.1 (0.6)
Woody savannas (8) 197 2.3 (1.8) 2.3 (1.0) 0.7 (0.4) 1.1 (0.6)
Grassland (10) 136 2.2 (1.7) 3.0 (1.8) 0.7 (0.5) 1.5 (0.9)

the statistics of the comparison change for different surface
albedo. The results show that the difference between the
plume height observed by TROPOMI and CALIOP depends
significantly on the thickness of the plume (as derived from
CALIOP). Thicker plumes seem to be better captured by
TROPOMI, and the thicker the plume the smaller the dif-
ference between the CALIOP and TROPOMI plume height.
TROPOMI was biased low, on average by 2.1 km, in com-
parison to CALIOP for thin smoke plumes (thickness of less
than 1.5 km). Much better agreement and an improved corre-
lation between the two satellite datasets are found for thicker
plumes (see Fig. 4d). The mean difference reduces with the
thickness of the plumes; the mean difference between the
TROPOMI and CALIOP mid-aerosol layer is just 50 m for
very thick plumes (> 3 km). The geometrically thick plumes
are typically optically thicker plumes, too. The reason for
the reduced bias with increasing layer thickness is probably
the sensitivity of the TROPOMI AER_LH algorithm to the
scattering layer in the scene, which is more and more dom-
inated by the surface if the aerosol layer is optically thin-
ner. The correlation plot and histogram are shown in Fig. 4
for thin plumes (shown in blue) and thick plumes (> 1.5 km;
shown in red). The distribution of the differences between the
TROPOMI and CALIOP plume height is a normal distribu-
tion, with a smaller spread for thick plumes. From this anal-
ysis it also appears that lower plumes, below approximately
4–4.5 km, are better captured by TROPOMI (see Fig. 4).
Figure 4e shows that the differences between CALIOP and
TROPOMI increase with increasing surface albedo, consis-
tent with the idea that the TROPOMI retrieval algorithm is
more sensitive over dark surfaces and possesses smaller un-
certainties (Sanders and de Haan, 2016; Xu et al., 2019).

5 Model plume height evaluation

The modelled plume heights are compared to satellite obser-
vations with the aim to evaluate the modelled plume injection
heights and to determine the strengths or weaknesses of the
model. In order to compare the FireWork-modelled plume
heights to the satellite observations, the hourly output of the
model is interpolated to the time of the satellite overpass.
The mean and maximum plume heights within individual fire
plumes were compared. As mentioned in Sect. 2.4, MISR
and TROPOMI detects smoke plume height differently; thus,
the modelled plume heights extracted for comparison are also
different. For the comparison with the MISR plume heights,
the model plume height is defined as the highest model layer
containing a PM2.5 concentration greater than 10 µgm−3. For
the comparison to TROPOMI, the model plume height was
defined as the average height between the altitude of the
maximum PM2.5 concentration within the grid column and
the highest layer containing a PM2.5 concentration exceed-
ing 10 µgm−3.

5.1 Comparison with MISR

Similar to what was done for the TROPOMI–MISR compar-
ison, the area of the plume is defined by the expanded MISR
plume outline (by 0.1◦), and all points within this enlarged
polygon (an example can be seen in Fig. 2 – the enlarged
polygon used for the model comparison is shown as a dashed
blue line) are considered as part of the plume. Given that
FireWork is a forecast product, this expanded polygon is used
for the comparison to compensate for errors in wind forecast
speeds and direction within the model and for uncertainties
related to temporal interpolation between hourly output and
satellite overpass. Furthermore, given the coarse model res-
olution compared to MISR pixel, the expanded plume foot-
print allows for more points to be extracted for comparison.
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Figure 4. CALIOP–TROPOMI comparison for (a) geometrically thick plumes (> 1.5 km) and (b) geometrically thin plumes (< 1.5 km),
together with the statistics of the line of best fit (correlation coefficient, R, slope, s, and number of observations, n). The plume thick-
ness is determined by the CALIOP top and base plume height. Panel (c) shows the histogram for the differences in plume height
(CALIOP−TROPOMI) for thick (red) and thin (blue) plumes. Panel (d) shows the statistics for different plume thickness filters and (e) for
different ranges of surface albedo.

All points with elevated PM2.5 within this extended polygon
are considered part of the same plume. Again, to account for
the difference in resolution when comparing the maximum
plume height, MISR pixels have been binned to 0.1◦ × 0.1◦,
to the approximate resolution of the model.

We found that the modelled plume heights are very sim-
ilar but on average slightly higher than the ones observed
by MISR. Overall, the modelled plume heights represent
the observations very well in terms of mean and maxi-
mum plume heights, with differences of −0.06± 0.68 and
−0.32± 1.21 km, respectively. Figure 5a–c summarize the
results for the comparison between MISR and CFFEPSv4.0.
In total 70 fire plumes were compared (all between June and

August 2018) in terms of (a) maximum plume height and
(b) mean plume height. A map illustrating the regional dis-
tribution of the mean plume heights is shown in Fig. 5d.

The FireWork modelled plume heights with forecast me-
teorology are on average less than 100 m higher compared to
the MISR observations. The modelled plume heights corre-
late well with the satellite observations with R = 0.73 for the
mean plume heights. The maximum plume height within one
plume is also well represented with a correlation coefficient
of R = 0.53; the model overestimates the maximum plume
height on average by +0.32 km. These are very encouraging
results for modelled versus satellite-observed plume heights,
especially, considering the assumptions that were parameter-
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Figure 5. Modelled plume height versus MISR-derived plume height (a–c). In total 70 fire plumes were compared (all between June and
August 2018) in terms of (a) maximum plume height and (b) mean plume height within one wildfire plume, together with the statistics of the
line of best fit (correlation coefficient, R, and slope, s). Panel (c) shows the histogram for the differences in plume height (MISR−model)
for the maximum (blue) and mean (red) plume height. Panel (d) shows the regional distribution of plume heights above ground level for
MISR (red, left bar) and CFFEPS (blue, right bar).

ized in the modelling fire plume height, such as amount of
fuel consumed, area burned, energy released, modelled at-
mospheric profiles and dispersion. There were not only small
mean differences small but also a good correlation between
the observations and the model for both mean and maximum
plume heights. The error difference for the plume plumes
analysed here have a normal distribution (see Fig. 5c). Sig-
nificant of progress has been made in recent years in terms
of modelling plume rise for biomass burning. For example,
Raffuse et al. (2012) found that on average the modelled
plume heights agreed with the observations, but correlations
between observed and simulated plume heights was poor.
However, modelled plume heights in Raffuse et al. (2012)
were calculated using a Briggs plume rise approach as op-
posed to calculating the energy balance in multiple atmo-
spheric layers. The latter approach, used in CFFEPS, was
found to result in more accurate predictions of surface daily

maximum PM2.5, NO2, and O3 than the use of Briggs for-
mula (Chen et al., 2019). At least part of the improved model
predictive performance of the ECCC FireWork forecast may
be attributable to these radiative transfer calculations within
CFFEPS, with the version used here (v4.0) also including a
higher vertical resolution than the v2.03 version described
in Chen et al. (2019). The differences between MISR- and
FireWork-modelled plume heights for different biomes are
summarized in Table 1 showing that for evergreen forest fires
the modelled and MISR observations agree well on aver-
age. There were not enough fire plumes available from the
FireWork–MISR comparison to compare other biomes. The
number of fire plumes that have been compared to the Fire-
Work is slightly lower than for the TROPOMI–MISR com-
parison; some smaller fires can be missed by the model or the
modelled aerosol concentration does not reach 10 µgm−3.
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Figure 6. Same as Fig. 5 but for the TROPOMI–model comparison.

5.2 Comparison with TROPOMI

For the comparison of FireWork modelled plume height to
TROPOMI, the spatial extent of the plume is defined as the
polygon surrounding TROPOMI’s minimum and maximum
latitude and longitude (shown as a dashed purple line in
Fig. 2) in which a predefined smoke or aerosol layer was
present near a fire hotspot as identified by MODIS Aqua.
Similar to the process with the MISR comparison, this poly-
gon is then increased by 0.1◦ (dashed black line in Fig. 2) to
account for the errors in forecast wind direction and speed
within the model. As the resolution of TROPOMI is higher
than the resolution of the GEM-MACH model, for the max-
imum plume height comparison the TROPOMI observations
are binned to 0.1◦× 0.1◦, approximately the resolution of
the model, and the TROPOMI gridded data are paired with
model output sampled at the TROPOMI overpass time. Over-
all for North America June–August 2018, 671 coincident fire
plumes were found for the model comparison. This number
is significantly higher than for the comparison between Fire-
Work and MISR, because of the better geospatial coverage

of TROPOMI compared to MISR, and, thus, less fires are
missed by TROPOMI. The results for the TROPOMI and
model comparison are shown in Fig. 6, and the results sum-
marizing the averages for different biomes are in Table 1.

Moderate correlation was found for the TROPOMI–model
comparison (R in the 0.3 to 0.5 range; see Fig. 6). The model
plume height is on average higher than the TROPOMI obser-
vations. The average differences (TROPOMI−model) in the
maximum and mean plume height are of −0.27± 1.84 and
−0.58± 0.85 km, respectively.

For the plume heights for different biomes, also with the
increased number of fire plumes with TROPOMI, only mi-
nor differences are observed between the different biomes.
Overall, it seems that CFFEPS struggles the most with grass-
land fires where the average plume height is about 0.8 km
higher than the TROPOMI observations. Plume heights from
evergreens and woody savannas seem to agree well with the
observations. Looking at the TROPOMI plume height, fire
plumes from all of the here-presented biomes have on aver-
age a maximum plume height between 2.1 and 2.3 km and an
average mean plume height of 0.7 km.
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6 Summary and Conclusions

We compared wildfire plume heights from TROPOMI- and
MISR-derived plume heights and CALIOP aerosol profiles
for the 2018 fire season in North America (June to Au-
gust). The only satellites that could globally observe plume
heights before the launch of TROPOMI were MISR and
CALIOP. MISR and CALIOP are unique in their ability to
vertically resolve the atmospheric aerosols globally; how-
ever, those two satellites have a narrow swath, with a global
coverage every week and 16 d, respectively. This means
that many fire plumes are missed by these satellites. The
plume height product from TROPOMI is a potential game
changer in terms of frequency and availability of observa-
tions; aerosol plume heights from TROPOMI have the ad-
vantage of daily global coverage, and a NRTI version ex-
ists that is available approximately 3 h after the overpass.
CALIOP aerosol profiles are available with an approximately
1-day delay, but MISR-derived plume heights on the other
hand require time-consuming manual input and are not avail-
able NRTI. As such, TROPOMI aerosol layer heights can
provide value to the modelling communities by improving air
quality forecasting and providing improved air quality and
aviation warnings, as less fires will be missed.

We simulated MISR and TROPOMI aerosol layer heights
(OSSE) from different aerosol profiles to better under-
stand the differences between the two algorithms.The plume
heights for profiles with a single aerosol peak agreed almost
perfectly and the aerosol layer heights from TROPOMI-
OSSE and MISR-OSSE were within a just few metres. How-
ever, this is not the case for profiles with multiple aerosol
layers. From the plume height retrieval using the oxygen
A band, the TROPOMI aerosol layer height tends to lie in
between those aerosol layers. This is a significant limitation
since the plume heights will remain unknown in cases where
multiple aerosol layers are present in one profile. MISR on
the other hand tends to respond to the upper aerosol layer if
multiple plumes overlap the same pixel if there are any lay-
ers beneath MISR will not be able to pick this up. However,
often multiple layers of plumes do not overlap exactly the
exact same area, so MISR will likely sense the lower plume
heights over the plume area imaged by the instrument. Based
on our OSSE, the different retrieval techniques of TROPOMI
and MISR will result in differences of 520± 840 m (based
on 24 profiles), with TROPOMI typically returning lower
plume heights. We found a very similar bias when compar-
ing the actual satellite observations; the TROPOMI aerosol
layer heights seem to be on average approximately 600 m
lower compared to the MISR plume heights. We further
found, by comparing with the CALIOP aerosol profiles, that
the TROPOMI aerosol layer heights are more accurate for
thicker plumes and over darker surfaces. As such, the dif-
ference between the CALIOP and TROPOMI mid-plume
height decreases and the correlation increases with increas-
ing plume thickness, and for a 3 km thick plume the aver-

age difference is only about 50 m. Further, the differences
between CALIOP and TROPOMI increase with increasing
surface albedo. Plumes below 4.5 km are better retrieved with
TROPOMI. However, very high (> 8 km) or thin plumes can
be missed by TROPOMI.

The satellite observations have been compared to the
GEM-MACH model with input from CFFEPS. From the
OSSE, we found that the top altitude with PM2.5 >

10 µgm−3 agrees best with the MISR-OSSE (−98± 181 m).
On the other hand, TROPOMI-OSSE plume heights agree
best with the average between the altitude of the maximum
and the top altitude with PM2.5 > 10 µgm−3 (37± 90 m).
The comparison between the model and the satellite obser-
vations shows that the simulated plume heights with CF-
FEPS tend to be 60–580 m higher than the observed plume
heights by MISR and TROPOMI. The biggest differences be-
tween CFFEPS and the TROPOMI observations were found
for plumes from grassland fires; CFFEPS overestimates the
plume height on average by nearly 1 km. With correlation co-
efficients between R = 0.28 and R = 0.73 between the satel-
lite observations and the model, this is an encouraging re-
sult for modelled plume heights, as fire plumes are extremely
variable and, as such, difficult to estimate. Many assumptions
were made to model the plume injection height.

Overall, TROPOMI aerosol layer height has been com-
pared to MISR and CALIOP plume heights, showing moder-
ate correlation and agreement. The TROPOMI aerosol layer
height seems to be successful in retrieving high plumes
up to 8 km; the uncertainties seem reduced for thicker and
lower plumes between 1 and 4.5 km altitude, as well as
for dark surfaces. TROPOMI aerosol layer height seems to
be biased low, this was seen for the comparison to both
MISR and CALIOP and is likely due to the tendency of the
TROPOMI measurement technique to return an intermediate
plume height if multiple aerosol layers are present. Also, the
TROPOMI algorithm is sensitive to the surface, which will
bias the retrievals low, especially for optically thin plumes
(and bright surfaces) (Sanders and de Haan, 2016). Using
the oxygen A band to retrieve the aerosol layer has signif-
icant limitations if multiple smoke layers are present, lead-
ing to an average plume height. This might limit its applica-
tion for aviation safety as the exact altitude of the plume may
be inaccurate. However, it is still a very valuable product if
one plume dominates the profile, if model comparison is to
be done and for enhancing model performance. The prod-
uct can also be useful for satellite emission estimates from
wildfires, where the approximate layer height of the plume
needs to be known to get an accurate wind component of for
the plume transport (e.g. Fioletov et al., 2015; Nassar et al.,
2017; Adams et al., 2019; Dammers et al., 2019). For these
estimates, the aerosol layer height can provide an approxi-
mate height of the plume. No significant dependencies of the
fire classification, fire radiative power, or the TROPOMI so-
lar and viewing zenith angles towards plume height estimates
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were found within this study; however, more data are needed
for a more qualitative comparison.
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