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Introduction

Figure: Image of the Creek Fire pyroCb taken from commercial airline
cruising altitude.

Pyrocumulonimbus (pyroCb) is a class of
cumulonimbus, more commonly known as
thunderstorms, that develop over wildfires under
specific meteorological conditions. The intense
updrafts in these clouds carry smoke aerosols from
the underlying fire to extreme altitudes where
they can potentially be injected into the upper
troposphere and lower stratosphere (UTLS) with
the UTLS aerosol loading of large events rivaling
those of moderately sized volcanic eruptions. Due
to the stability of this layer of the atmosphere, the
smoke aerosols remain in the UTLS on timescales
of months to years where they can block sunlight
and have a significant impact on Earth’s radiation
budget. To date, only the UTLS smoke aerosol
mass injections of large volcanic-scale pyroCb
events have been studied in detail. In contrast,
this study provides the first systematic investigation
into the UTLS smoke aerosol injection masses of
smaller, more common and widespread pyroCb

events. Based on inventories of known pyroCb events in 2013, 2017, and 2020, smoke aerosol injection
heights are obtained using vertical profiles from the satellite lidars: CALIOP and CATS. Local radiosondes
are employed to confirm smoke injection above the tropopause. Masses of these stratospheric plumes are
then estimated based on OMPS Aerosol Index (AI) observations and lidar data using two methods.

Lidar Mass Estimation Method
The lidar mass estimation method uses a combination of CALIOP vertical profiles and OMPS
AI observations of the day-after plume to estimate the smoke mass density and volume of the
stratospheric plume (Peterson et al., 2021). The mass density of the plume is determined by:

Mρ = βR

ε
Mρ: Smoke mass density (gm-3)
β: Lidar backscatter (m-1sr-1)
R: Lidar ratio (sr), extinction to backscatter, Upper: 60, Lower: 40
ε: Smoke mass extinction coefficient (m2g-1) Upper: 3.0, Lower: 6.0

The mass density is then multiplied by the plume volume to obtain the total mass estimate, with
the plume thickness determined by the CALIOP vertical profile and the plume area obtained from
OMPS AI observations. The lidar ratio and smoke mass extinction coefficients are varied to place
upper and lower bounds on the mass estimate to account for uncertainties in smoke properties and
composition.

Aerosol Index Mass Estimation Method
The aerosol index mass estimation method is obtained solely using day-after OMPS AI observations
to estimate the stratospheric mass injection (Peterson et al., 2021). The smoke mass in each OMPS
pixel is calculated using:

Mp = ExtAOD × Ap

ε
Mp: Mass per pixel (g)
ExtAOD: Extinction aerosol optical depth (unitless)
Ap: Pixed area (m2)
ε: Smoke mass extinction coefficient (m2g-1) Upper: 3.0, Lower: 6.0

The extinction aerosol optical depth is obtained from the OMPS AI observations using the following
linear relationship (Fromm et al., 2008):

ExtAOD = 0.07882 + 0.06932 × AI

AI : OMPS aerosol index

The smoke mass in each OMPS AI pixel is then added together to obtain the total mass estimate.
As with the lidar mass estimation method, the smoke mass extinction coefficient is varied to obtain
upper and lower estimate bounds.

Mass Estimation Process
• In existing pyroCb inventories from 2013, 2017, and 2020, each event is examined thoroughly to

determine if there is a visible OMPS AI plume that can be traced back to the event in question.
• If a plume is confirmed, it is checked whether there is a lidar vertical profile, either from a satellite

pass or if the plume passes over a ground based lidar.
• If there is a discernible vertical lidar profile, the plume height is compared to local radiosondes to

determine if the plume is in the stratosphere.
• If the plume is confirmed to be stratospheric, the event is eligible for mass estimation.
• If there is a direct CALIOP pass over the plume within 48 hours of the event, the depth and average

backscatter of the plume are determined from the CALIOP data for use in the lidar mass estimation
method.

Figure: CALIOP vertical profile for the Creek Fire pyroCb. The horizontal red line represents the tropopause as determined from local radiosondes.
The red circle shows the stratospheric smoke plume.

• In some cases, the lidar vertical profile is either too late after the event or obtained by an instrument
other than CALIPSO and so cannot be analyzed using the lidar mass estimation method. In this
case, only the Aerosol Index mass estimation method is used.

• To obtain the plume area, different Aerosol Index thresholds are tested to determine which best
constrains the stratospheric portion of the plume, while leaving out tropospheric and unrelated
smoke.

Figure: OMPS Aerosol Index observations of the Creek Fire smoke plume at different Aerosol Index thresholds.

Results

Figure: Stratospheric aerosol injection mass estimates for both estimation methods, sorted by increasing Aerosol Index mass estimates. The bar edges
represent the upper and lower estimate bounds.

In total, mass estimates for 13 events were obtained, with Aerosol Index mass estimates for all 13 and
lidar mass estimates for 10. These results show an extremely wide range of mass estimates (0.0002-0.08
Tg). Unfortunately, 3 of the events lack a lidar method mass estimate since there were no clear CALIOP
passes within 48 hours of the event. In addition, some of the events show significantly lower lidar method
mass estimates than Aerosol Index mass estimates since the direct lidar method allows separation of
the stratospheric component of the plume, while the Aerosol Index mass estimates cannot differentiate
between stratospheric and tropospheric smoke. However, the lidar mass estimate method can generally
be considered to be more accurate, and these values should be used in any inventory unless only the
Aerosol Index mass estimation method is available.

Conclusions
These pyroCb mass estimates cover a wide range of pyroCb stratospheric injection scenarios from extremely
small injection masses to those approaching that of the 2017 Pacific Northwest Event. This work sets
a foundation for a future emissions inventory that constrains the regional, seasonal, and inter-annual
variability of pyroCb stratospheric smoke injections for atmospheric chemistry, aerosol transport, and
climate modeling applications.
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