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Executive Summary

This report presents research conducted by George Kablick under the Karles Fellowship for
the period of 23 November 2019 through 23 November 2021. This work focuses on calculating
radiative transfer estimates through pyrocumulonimbus (pyroCb) plumes using a case study
approach with offline models (see References for published work cited in this report). In the
final year of the fellowship, the fellow focused some of his efforts towards preliminary studies
for a newly funded 6.1 New Start for which he is a Co-I: “PyroCb-Generated SWIRLs in the
Stratosphere.”

Estimates of the global radiative impact of stratospheric plumes are continually being
refined as improvements are made to measurements and the source become better understood.
One such source that has long been overlooked are pyroCb storms. Plumes from these events
range from short-lived, localized injections of smoke aerosols above the tropopause to the
more extreme hemisphere-covering plumes that can last on seasonal timescales. In addition
to the aerosol component, water vapor is present in many of these plumes in radiatively
significant amounts. However, the boundary fluxes of this strong radiative forcing species
have never been explored in the context of pyroCb plumes. In this project a case study
demonstrates that the downwelling flux at the surface is increased by up to 0.3 W m™2, and
an upwelling flux at the top-of-atmosphere is decreased by 0.01 W m™2. The net effect of
this forcing is a longwave heating of 0.05 K/day within the stratospheric plume.

A significant discovery was made during this project that directly resulted from the
heating present within these pyroCb plumes. This discovery was unanticipated, but shows
that the net heating within these plumes effect the dynamics of the stratosphere. A dynamical
anomaly characterized by a rotating spheroid of smoke aerosols and biomass burning gases is
generated as the plume absorbs radiation and generates buoyancy through diabatic heating.
This phenomenon has been termed Smoke With Induced Rotation and Lofting (SWIRL), and
is shown in this report to be associated with much longer plume lifetimes and synoptic-scale
weather anomalies that were unknown prior to this study. The effect of this discovery has led
to a new vein of research within stratospheric dynamic models, and has successfully formed
the basis of the aforementioned 6.1 New Start proposal. The case study which allowed for the
discovery of this phenomenon is introduced in this report, and the details of the dynamical
impact and the increased lifetime are compared with previous cases.
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Estimating the Net Radiative Impact of Stratospheric
Pyrocumulonimbus Plumes

Karles Fellow: George P. Kablick 111

Project Objective

The goals of this project were to estimate the radiative and dynamical signatures of
several noteworthy pyrocumulonimbus (pyroCb) plumes in the upper troposphere/lower
stratosphere (UTLS) using satellite remote sensing datasets, radiative transfer models, and
global reanalysis.

Motivation

Stratospheric injection of clouds and tropospheric air from thunderstorm convection is
relatively uncommon [Holton et al., 1995]. The vertically-towering convective clouds that
are typical of meteorological thunderstorms are called cumulonimbus (Cb). These events are
characterized by an unstable atmosphere and a “trigger” that initiates convection, such as a
dynamical perturbation to the air column, or a diabatic source such as solar heating of the
surface. A small subset of convective thunderstorms are triggered from the heat of wildfires.
These events are called pyroChs, and only constitute a small fraction of convection that occurs
every year globally (approximately 40 events/year) [Fromm et al., 2010]. However these
pyroCbs, despite their relative infrequency, are very intense. The strength of their convection
frequently causes an overshoot of the tropopause, where they pollute the stratosphere with
plumes consisting of carbonaceous aerosol mixtures and trace gases such as water vapor
and carbon monoxide. Several recent pyroCb events and publications have shown that
these plumes can persist for months, covering horizontal distances on the scale of an entire
hemisphere, and rising from the tropopause to well into the middle stratosphere bringing along
with them the biomass burning species that are not normally present in great abundance.
Therefore, there is a strong need to analyze pyroCb plumes in the context of several observable
effects to understand the full potential that these events could have on climate forcing. These
effects include localized phenomena, such as their unique remote sensing signatures like lidar
depolarization ratio and radar frequency sensitivity, and they include broader effects such as
their observable stratospheric lifetime, and dynamical anomalies caused by solar heating of
the dark aerosols. With these needs in mind, the objectives of this project were to analyze
the radiative transfer and dynamics of pyroCb plumes in the UTLS.

Technical Approach and Progress

The approach of this project was to quantify the amount of several signature features
of pyroCbh plumes including aerosol concentration, and mixing ratios of water vapor and
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carbon monoxide. With the aid of models, satellite observations of these variables were used
to understand how they influence the dynamics and stratospheric advection of the plumes.
The focused analysis was on three well-published case studies referred to as the Great Slave
Lake (GSL) pyroCb from 5 August 2014 [Kablick et al., 2018], Pacific Northwest pyroCh
Event (PNE) from 12 August 2017 [Peterson et al., 2018], and the Australian New Year
pyroCb Event (ANY) from 31 December 2019-4 January 2020 [Kablick et al., 2020; Allen
et al., 2020]. This project relied on several remote sensing instrument datasets, a radiative
transfer model, and a general circulation model to understand these effects.

Observational Datasets

The suite of Earth Observing System NASA satellite instruments flying in a formation
called the “A-Train” was designed to take advantage of observations made by several instru-
ments with different sensitivities at the same geolocation. The main instruments used in this
study from the A-Train include the Microwave Limb Sounder (MLS) and Cloud-Aerosol Lldar
with Orthogonal Polarisation (CALIOP). MLS is a passive microwave profiling instrument
that retrieves many chemical species in the upper atmosphere on pressure surfaces. It also
retrieves temperature and geopotential height profiles. CALIOP is a frequency-doubled lidar
with visible (532 nm) and near-infrared (1064 nm) channels with depolarization at 532 nm.
For the period of study contained herein, both MLS and CALIOP observations were spa-
tiotemporally colocated, allowing for an analysis of contemporaneous aerosols, hydrometeors
and trace gases produced by pyroCbs.

Models

The models used in this study include two offline radiative transfer models (RTMs) with
different capabilities, and the Navy Global Environmental Model (NAVGEM) reanalysis. The
two RTMs include the Line-By-Line Radiative Transfer Model (LBLRTM) [Clough et al.,
1992] and the Santa Barbara DISORT Radiative Transfer model (SBDART) [Ricchiazzi
et al., 1998]. The LBLRTM framework is used to estimate longwave water vapor forcing
associated with pyroCb plumes. This model uses the extremely detailed HITRAN 2016
database of line spectra for HyO and about 50 additional trace species [Gordon et al., 2017].
However, it is computationally inefficient to compute band-averaged fluxes using LBLRTM
when complex aerosol or cloud layers are present, so the pyroCb aerosol profiles are computed
by the plane-parallel model SBDART.

As a primer, it is useful to illustrate the sensitivity of fluxes to changes in water vapor.
This is shown through a comparison of radiative fluxes in an an idealized atmosphere with
those in an atmosphere with small water vapor perturbations. For example, small changes
in column water vapor mixing ratio (WVMR) in the stratosphere can lead to climate-
significant radiative forcing (RF') via changes in fluxes and heating rates. When climate
feedbacks and chemistry changes are ignored, this is referred to as an instantaneous RF,
and represents a starting estimate of the net forcing (the forcing produced by parameterized
climate models). Instantaneous RF is defined in terms of the upward and downward flux (F'
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Figure 1: Perturbations and radiative transfer through AFGL midlatitude atmosphere. Model
profiles in each panel show (a) temperature (black) and WVMR (blue), where the solid line
is the standard mixing ratio and dashed/dotted lines are the +1 or —1 ppmv perturbations;
(b) air density (black) and the percentage WVMR perturbation (blue); and (c) longwave
fluxes (upward; red, downward; blue, net; black) and cooling rates (green). The eight lines in
(d) are the flux and cooling rate differences between the +1 or —1 ppmv perturbations on
the standard model results shown in (c).



and F*, respectively) as the inverse of the change in net flux (F**) from a control state:
RF = —AF™, (1)

where
AF™" = (FT - Fi)anomaly - (FT - Fl>COHtT01' (2)

Figure 1 shows the forcing experienced by imposing a +1 ppmv water vapor anomaly on
the Air Force Geophysical Laboratory (AFGL) standard midlatitude atmosphere (“control”).
This figure shows the WVMR change in terms of an absolute amount (a) and an altitude-
relative percentage (b). Temperature (a) and air density profiles (b) are held constant, and
the radiative flux and cooling rate for both the control and the perturbed WVMR profiles are
shown. Changes in WVMR are most influential in the longwave part of the electromagnetic
spectrum (wavenumber between 10-3000 cm™'), so that is the focus here. This figure shows
that increasing WVMR throughout the column increases F' at the tropopause while slightly
decreasing F' (blue and red dashed lines in Figure 1d, respectively). The black dashed line is
AF™ which shows that the effect of increasing column WVMR by 1 ppmv is to create a
positive longwave RF'. Keeping with convention for longwave radiative transfer, the cooling
rate is defined as the flux divergence in a layer (—V - F*'). In other words, if a volume
of air has more radiative energy leaving it than coming into it, there will be a “positive
cooling.” The opposite is also true: positive differential of net flux (more energy in than out)
results in a “negative cooling” (i.e., warming). In this case, when comparing an atmosphere
with an increase in WVMR to the control atmosphere, a negative cooling rate difference
indicates warming with respect to the control (Figure 1d). This simple example illustrates
the importance of understanding changes in stratospheric H,O in the context of RF.

Putting this into context with an example from the relatively small GSL pyroCb plume
(Figure 2), it is apparent that a >1 ppmv increase of UTLS water vapor is possible from
a pyroCb plume, and not just from direct entrainment of moist tropospheric air, but from
the sublimation of ice present in the plume/cloud mixture. In this figure, the GSL plume is
tracked for approximately 2 weeks post-injection and MLS ice water content (IWC) closely
follows an independent estimation of ice (CALIOP depolarization ratio: ds32). As these
two proxies for ice decrease, MLS water vapor mixing ratio increases, adding confirmation
to the hypothesis that ice injected in pyroCb plumes can locally hydrate the UTLS, and
subsequently impact its radiative energy budget. This example focuses on WVMR only,
wereas it is important to consider aerosols and ice as well because they are also active
absorbers. Future work will account for these variables, but the focus of the present Report
is on WVMR. In a later section an initial estimate of aerosol heating will be discussed.

Results

In 2017 the PNE pyroCb case set a new benchmark for stratospheric water vapor intrusion
from a pyroCb plume. The largest plume from this event could be tracked for about three
months using MLS WVMR observations. Anomalies of WVMR are shown in Figure 3a based
on a Lagrangian technique used to track the plume and find relevant satellite intersections
(red shaded contours). These anomalies were created by first constructing a spatiotemporal
stratospheric climatology of all 2006-2017 MLS H,O observations (dark gray contours), and
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Figure 2: Mean values of MLS WVMR anomalies and IWC (black and blue lines, respectively)
and median CALIOP 6532 (red line) over the two-week observable lifetime of the GSL pyroCh
plume. Each MLS point in this time series represents a per-profile vertical mean between
360-400 K for measurements encompassing the plume (vertical dashed lines indicate time
since injection), and each CALIOP point is the median value for the entire “stratospheric

feature” between 360-400 K. [Kablick et al., 2018]

subtracting it from the individual profile observations through the plume. The specific details
of the climatology are: i) it is zonally-averaged for both the tropical (30 °S to 30 °N) and
mid-latitude (30 °N to 60 °N) bands, and ii) the troposphere temperature, pressure and
humidity profiles are held constant using the AFGL Tropical (TRP), MidLatitude Summer
(MidLatS) and MidLatitude Winter (MidLatW) standard soundings. The TRP sounding is
applied during the entire year in the 30 °S to 30 °N band, but for 30 °N to 60 °N the MidLatS
is applied between August—October, and the MidLatW is applied between November—March.
The stratospheric component to this climatology is date-specific, according to the value
determined by averaging the MLS record on that date for that latitude band for every year
during 2006-2017. Light gray vertical bars show dates when MLS did not observe the plumes.

The WVMR climatology shows typical values ~ 4-5 ppmv within the altitude of the
plume at 20 < z < 25 km (Figure 3a). This plume has anomalies > 7 ppmv in the early
days of this time series, and as it ages, the anomalies reduce to values between 2-3 ppmv.
Figure 3b shows the corresponding longwave heating anomalies (AQ ) from LBLRTM. The
model is run for both the MLS observation profile (with Fixed Anomaly vertical constraints)
and the climatology profile, and then differenced to determine AQry . There is a cooling
enhancement within the plume down to —0.5 K day~! during the early days, and a very small
warming enhancement throughout the depth of the troposphere of < 4+0.05 K day~!. There
is cooling within and above the upper section of WVMR plume anomaly because it of its
enhanced absorption and re-emission at colder temperatures of terrestrial longwave radiation
from below. Results from this plume recreate the classic positive RF' scenario discussed in
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from Figure 3. This plume is confined to the tropics for most of its observable duration,
and has a negative RF' at TOA (a decrease in OLR), and there is a positive RF' at the
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introductory radiative transfer texts used to illustrate first-order global warming.

An interesting discovery made during this case is the upward motion of the plume as
it ages. This upward motion has since been attributed to the buoyancy created from the
diabatic warming by solar absorption of the smoke aerosols. Prior to this 2017 case, it was not
thought that pyroCb plumes could become buoyant in the stable layers of the stratosphere.
In the largest of the case studies included in this project, the 2019-20 ANY Event, it was
also discovered that this buoyant uplift resulted in a dynamical perturbation to the wind
field. The result was a rotating, uplifting smoke plume that was named Smoke With Induced
Rotation and Lofting (SWIRL) [Allen et al., 2020].

Discovery of the SWIRL

In the initial stages of studying the ANY Event, it was noticed that it had produced
an unprecedented intrusion of HyO into the stratosphere. Until this event, Aura MLS had
not reported WVMR >15 ppmv at any of its pressure retrieval levels between 39-12 hPa
except for an apparent measurement anomaly in 2012. However, on 20 January 2020, MLS
observed H,O to have values >15 ppmv at a pressure of 38.3 hPa, and in the month to follow
(February 2020) there were 59 MLS observations of HoO>15 ppmv at 17.8 hPa, and four at
12.1 hPa.
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Figure 5: (a) 0 at MLS profile maximum H,O of the ANY Event SWIRLs. Red dots indicate
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anomaly from NAVGEM analysis. P1 is the top-most ascending branch of PV. Black contour:
50% isoline; black dots: ©-midpoint of P1. (d) Same as (c¢) but only locations corresponding
to P2. Black contour: 25% isoline. Note color scale difference between (c) and (d).

Figure 5a shows the transport of this stratospheric WVMR intrusion on a coordinate
grid of potential temperature (0), which is a standard way to display vertically-resolved
stratospheric variables. Shown are the maximum WVMR per MLS profile between 15° N and
90° S that match certain threshold criteria: 1) volume mixing ratios of H,O and CO must be
>7 ppmv and >50 ppbv, respectively, and 2) geopotential height and 6 must be between
12-34 km and 370-960 K, respectively. This methodology limits false-positives (e.g., tropical
overshooting convection), and helps track LS smoke in the earliest days of the largest SWIRL
(called P1). Figure 5b uses the same methodology, but isolates the latitude and longitude to
identify a secondary, smaller SWIRL (called P2) that formed from the same event. In both
instances the diabatic rise of the plume containing this HoO/CO is the prominent feature.

This result was published soon after the ANY Event occurred, and introduced the idea
that pyroCb plumes, through the SWIRL phenomenon, can as “containment vessels” for the
upward propagation of aerosols and lower stratospheric air because of their long-lived and
stable rotation as they move upward [Kablick et al., 2020]. Figure 6a shows a cross section
of the P1 SWIRL from the ANY Event. The shaded red and blue contours represent Ertel
potential vorticity (PV) anomalies computed from NAVGEM, and is a dynamical variable
representing the rotation of air. These anomalies are expressed as a percent relative to the
surrounding air at similar latitudes, so the red contours show the location of strong rotation.
Overlaid on top of this PV anomaly are contours of winds: black solid and dashed contours
represent northward and southward winds, respectively; and temperature anomalies: blue
solid and dashed contours represent positive and negative temperature anomalies, respectively.
The result is a rotation rate of approximately 15 m s™!. Using NAVGEM reanalysis revealed
a temperature anomaly dipole structure, which presumably was due to the differential rates
of absorption by the aerosols, and the dynamical response due to rotation. Figure 6b is a
plan view of this large P1 SWIRL, and an additional smaller SWIRL, called P2 is visible
over Antarctica. An introduction to this SWIRL phenomenon was presented in Kablick et al.
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[2020], and a full dynamical description using NAVGEM was published in Allen et al. [2020].

One feature of SWIRLs has opened a new area of model improvement research into how
to correct forecast errors. These errors occur from a lack of stratospheric aerosol physics in
NAVGEM. Figure 7 shows two rows of images of the ANY P1 SWIRL, where the top row
shows analysis fields of PV starting on 10 January 2020 and progressing in 2-day increments,
and the bottom row shows forecast fields for the same dates. The analysis images are model
PV fields that have gone through data assimilation. In other words, they take into account
all relevant observations at each date, including stratospheric temperature profiles, to output
meteorological fields. The bottom row, however, shows a series of forecasted model PV fields
that only include observations at the initialization on 10 January. As the forecast is run, the
PV anomaly from the SWIRL diminishes as NAVGEM doesn’t account for the temperature
perturbations of the aerosol layer.

There are two considerations that arise from this result. First, with the apparent increase
in large pyroCh events over the past two decades, and with the likelihood that wildfires
may become more widespread under current climate change projections, it is possible that
these events will occur more frequently. Second, the datasets that are used by NAVGEM to
initialize the model fields will change as certain instruments become decommissioned in the
near future-the Aura satellite that hosts the MLS instrument is a prominent example. With
these considerations, it is important to resolve the issues with these forecasts by improving
the model physics.
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Plans

There is more work to be done to improve estimates of radiative effects, both in terms
of individual plumes and the cumulative effects of a particular pyroCb season. The main
objective of this project was to estimate the net effects using offline radiative transfer models,
and while many goals were accomplished, the real-world net radiative influence of pyroCb
plumes will rely on an expanded methodology. The results here provide some evidence that
pyroCb plumes could have a climate-relevant influence on radiative energy budgets. Future
work will involve a more thorough estimate of the RF' while considering feedbacks in the
model framework. This will require future development of NAVGEM capability to handle
the physics of aerosol and the maintenance of SWIRL dynamics.

Many of the project’s original objectives have been met, including estimating radiative
impacts of stratospheric HyO injected by select pyroCb events. There are several new
questions that arose from this research project, including the frequency and magnitude
of pyroCbs water vapor injections, and how SWIRLs act as dynamical barriers of upper
tropospheric air as they propagate upward. The results presented herein provided the basis
for a 3-year 6.1 New Start project that will begin in F'Y23. The goals of the New Start are
to extend this analysis to additional cases by looking back through the historical record of
pyroCb and identifying SWIRL events that were not noticed. Several high-profile cases have
been identified recently that went unnoticed at the time they occurred, and there is strong



potential to improve our understanding of SWIRLs and NAVGEM’s capability to handle
them.
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