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Black carbon lofts wildfire smoke
high into the stratosphere to form a
persistent plume
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O

n 12 August 2017, wildfires in the Pacific
Northwest produced a pyrocumulonimbus
(pyroCb) event that injected smoke into
the stratosphere (1, 2). Although such injections have been observed previously (3),
in this case the quantity of smoke injected was so
large that it was observed in the stratosphere for
more than 8 months, an unusually long time.
Smoke particles from forest fires are largely composed of organic material (organic carbon, OC)
and black carbon (BC). BC absorbs across the
solar spectrum and heats the air. Part of OC,
known as brown carbon, can absorb at blue and
ultraviolet (UV) wavelengths but has a lifetime
(e-folding time) as short as a few hours because
it undergoes photochemical reactions (4). By contrast, BC is refractory and its light absorption
is more persistent. Satellite observations show
that the smoke ascended from its initial injection
height near 12 to 23 km within 2 months. The
ascent of smoke in the stratosphere by solar heating has been modeled previously (5–7), but in
this case the distinctive plume rise was clearly
observed by multiple observation platforms, allowing a rigorous test of model results.
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Climate model simulations of the smoke injection, coupled with satellite observations of the
smoke plume’s optical extinction, constrain the
amount and characteristics of the injected smoke.
We compare simulations of the smoke rise to
observations to constrain the amount of BC in
the smoke. The photochemistry of organic material in smoke in the stratosphere is uncertain
(8, 9). By comparing simulations of the longevity of the smoke in the stratosphere with observations, we can infer an effective reaction
probability consistent with the observed decay
of the 2017 pyroCb smoke. Once we establish that
the model properly represents the quantity, rise
rate, and destruction of the smoke, we use the
model to demonstrate the impact on stratospheric
temperature, ozone, and water vapor and infer
how this relates to past studies on the impacts of
large fires produced by nuclear weapons.
The smoke plume was observed by multiple
remote-sampling instruments, including groundbased laser radars (lidars) (1) and operational
and research satellites (2). Here, we compare numerical simulations with data from two highly sensitive satellite instruments: the Stratospheric
Aerosol and Gas Experiment III on the International Space Station (SAGE III-ISS) (10) and the
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) (11) on the Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observation
(CALIPSO) satellite. SAGE III-ISS has made global stratospheric aerosol extinction measurements
since June 2017, and CALIOP has provided high–
spatial resolution backscatter profiles since 2006.
In addition, we compare numerical simulations
with data from the balloon-borne Printed Optical
Particle Spectrometer (POPS) (12) that measured
vertical profiles of the aerosol size distribution
from Laramie, Wyoming (41.3°N, 105.6°W) on
9 November 2017 and 27 April 2018.
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In 2017, western Canadian wildfires injected smoke into the stratosphere that was
detectable by satellites for more than 8 months. The smoke plume rose from 12 to
23 kilometers within 2 months owing to solar heating of black carbon, extending the
lifetime and latitudinal spread. Comparisons of model simulations to the rate of observed
lofting indicate that 2% of the smoke mass was black carbon. The observed smoke
lifetime in the stratosphere was 40% shorter than calculated with a standard model that
does not consider photochemical loss of organic carbon. Photochemistry is represented
by using an empirical ozone-organics reaction probability that matches the observed
smoke decay. The observed rapid plume rise, latitudinal spread, and photochemical
reactions provide new insights into potential global climate impacts from nuclear war.

SAGE III-ISS aerosol extinction observations
indicated that the smoke rose from 12 km on
12 August 2017 (the date of the pyroCb event) to
23 km within 2 months (Fig. 1 and fig. S1). A
similar plume rise was shown by the aerosol backscatter measurements by CALIOP (fig. S2). After
reaching its peak altitude, the smoke gradually descended with a subsidence rate of about
0.5 km per month (Fig. 1). During this period,
the climatological large-scale motion is typically downward at mid- and high latitudes. One
balloon-borne POPS (open triangle in Fig. 1)
launched over Laramie, Wyoming, in November
2017 showed an enhanced aerosol layer in the 14to 20-km range that is likely associated with the
12 August 2017 pyroCbs. Another POPS launched
on 27 April 2018 found no discernible enhancement, suggesting that little or no residual smoke
aerosol remained at that time. A more detailed
comparison of those POPS launches is provided
in fig. S3.
SAGE III-ISS aerosol extinction coefficients
(km−1) are shown by black boxes in Fig. 2A (all
SAGE III-ISS data points are shown in fig. S4).
In the first 2 months after the pyroCb injection,
the observed extinction at 18 km spanned more
than one order of magnitude, from background
values of 0.9 × 10−4 to 1.4 × 10−4 km−1 (13) in
regions devoid of smoke to values of 2 × 10−3 km−1
where smoke concentrations were at a maximum. In the following months, the smoke spread
throughout the Northern Hemisphere (NH) stratosphere, and measured extinction coefficients
became more spatially homogeneous. The aerosol extinction coefficient at 18 km slowly started
to decrease in October 2017 but still remained
elevated relative to background values even in
April 2018 (Fig. 2A). Similar aerosol extinction coefficients at 18 km were found from the balloonborne POPS measurements (Fig. 2A).
We used a sectional aerosol-climate model
(14–16) (see supplementary materials) in association with multiple remote and in situ measurements to quantify the smoke mass distribution,
the fraction of the smoke that is BC, and the
effective heterogeneous reaction probability (g)
between smoke and ozone. From numerous simulations assuming different configurations of the
OC/BC mixture, we found a “best estimate” for
the initial particle mass injection from the pyroCb
event of 0.3 Tg of carbonaceous aerosol mass
with 2% BC and 98% organics emitted at 12to 13-km altitude. The BC mass fraction is consistent with that measured in the smoke plume
from the 2013 Rim Fire (17).
The rate of the smoke plume rise depends on
the BC mass fraction within the smoke, because
BC absorbs sunlight and heats the air parcel in
which it resides. The absorption efficiency of BC
is sensitive to the aerosol morphology, size, and
mixing state. Given that the pyroCb smoke depolarized light by more than 20% (18, 19), we hypothesize that the particles are solids composed
of fractal aggregates of BC coated with organics
(see details in the supplementary materials). The
simulated plume rise rate from 12 to 23 km in
our “best-estimate” case (2% BC in 0.3-Tg smoke)
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Fig. 1. Plume rise height changes with smoke composition. (A) Black boxes show SAGE III-ISS
observations, and blue, red, and cyan boxes show climate model simulations with different fractions
of black carbon (BC) in the smoke particles. Plume rise height observed by SAGE III-ISS and
POPS (black open triangle and diamond) is defined as the maximum height where the aerosol
extinction coefficient is greater than 1.5 × 10−4 km−1, 50% higher than the background value in
the lower stratosphere (13). SAGE III-ISS data are in the latitude range of 15° to 60°N, and
simulations are plotted at the same locations as satellite observations. The upper, middle, and lower
lines in each box denote the 25th, 50th, and 75th percentile of data, respectively. (B) Simulated
latitudinal and temporal distribution of the stratospheric smoke AOD at 1020 nm without
atmospheric heating from BC. Smoke AOD estimated from SAGE III-ISS (with background
AOD before the fire starts subtracted) is denoted by colored circles. POPS measurement on
11 November 2017 is denoted by a diamond. (C) Same as (B) but with heating from BC. The smoke
mass assumed in all simulations is 0.3 Tg with an effective ozone reaction probability of 10−6. The
best match between observations and calculations is with a BC fraction of 2%.

lies within the envelope of that estimated based
on the SAGE III-ISS extinction (Fig. 1A) and
CALIOP backscatter observations (fig. S2). The
simulations plotted in Fig. 1A were sampled at
the same times and locations as were the SAGE
III-ISS observations. Additional simulations in
Fig. 1A keeping the total smoke mass constant
show that a plume with a BC mass fraction of
5% rises from 12 to 25 km in the first 2 months.
By contrast, by using a lower BC mass fraction
of 1%, the simulated smoke plume climbs to only
18 km.
The SAGE III-ISS aerosol optical depth (AOD)
in the lower latitudes (15° to 30°N) was signifiYu et al., Science 365, 587–590 (2019)
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cantly higher than the background in the first
month after the pyroCb event (Fig. 1, B and C).
The simulation with the 2% BC generally reproduces the smoke AOD in the lower latitudes estimated by SAGE III-ISS and POPS measurements; however, the simulation without BC heating fails to transport enough smoke to the lower
latitudes. Without BC (Fig. 1B), the smoke was
quickly transported to polar regions where it was
moved out of the stratosphere via the lower
branch of the Brewer-Dobson circulation; however, the smoke with a small fraction of BC (e.g.,
2%) can be lifted higher, extending its lifetime in
the stratosphere.
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The lifetime of the stratospheric smoke was
observed to be ~150 days. The lifetime estimated
from the standard model run without chemically
active smoke is a dynamical lifetime. The dynamical lifetime only includes removal by transport
and dilution by mixing, and is estimated to be
~ 250 days (Fig. 2B). Simulations show that the
discrepancy between the observed and dynamical lifetime is likely due to the photochemical
reactions that destroy organic particulate matter rather than the uncertainties from modelgenerated dynamics (fig. S5). Possible reactions
include ultraviolet photolysis and heterogeneous
reactions between organics and either ozone or
the hydroxyl radical (OH). For simplicity, we use
a one-step ozone-organic reaction in our model
as a mathematical representation of all photochemical reactions. Figure 2A shows that calculated extinction in the “best-estimate” simulation
with an effective reaction probability (g) of 10−6
falls within the range of the extinction coefficients measured by SAGE III-ISS. Sensitivity
simulations show that a higher g value (10−5)
generates a smoke lifetime as short as 30 to
50 days (Fig. 2). The mass of organic material
decays exponentially and the mass fraction of
BC, which is not affected directly by the photochemical reaction, increases with time (fig. S6).
OH has a limited impact on smoke lifetime in
the lower stratosphere because the modeled OH
reaction rate is a factor of 10 lower than that of
ozone even with an effective g of 1 (fig. S7). Photochemistry has a limited effect on smoke’s
latitudinal spread in the early stage (first month)
as the chemical lifetime is about 6 to 8 months in
the lower stratosphere.
Smoke warms the surrounding air and perturbs the spatial distributions of atmospheric
trace species. One study simulating smoke plumes
from fires triggered by detonation of nuclear
weapons (20) found that BC produced in the
fires contributes to stratospheric ozone destruction by heating the air and by transporting large
amounts of water vapor into the upper stratosphere. We find that the August 2017 pyroCb
smoke with only ~0.006 Tg of BC (2% of total
injected mass) significantly perturbed the local
vertical distribution of trace species. Figure 3
shows an ozone anomaly of <−0.3 parts per million by volume (ppmv) (about −50% at 100 mbar
in the midlatitudes) observed by the Microwave
Limb Sounder (MLS) (21) and Ozone Mapping
Profiler Suite (OMPS) (22) corresponding with
the plume location in August of 2017 as observed by CALIOP. In addition, a positive anomaly of H2O (>5 ppmv) is observed by MLS. The
simulation shows large ozone and water vapor
anomalies consistent with observations (Fig. 3A).
These anomalies in ozone and water vapor are
a consequence of transport of tropospheric air
into the stratosphere and are not due to in situ
chemistry. The simulation predicts that the BC
warms the local stratospheric air by up to 7 K in
August 2017.
The 2017 pyroCb smoke plume remained detectable in the stratosphere for 8 months. Our
simulations imply that the smoke had an initial

R ES E A RC H | R E PO R T

A

18 km
0.3 Tg Smoke
0.012 Tg BC

4.5

SAGEIII-ISS
POPS#1
POPS#2
γ =10 -7
γ =10 -6
γ =10 -5

4
3.5

no reaction

γ =10-6
γ =10-5
SAGEIII-ISS
22
20

3
Altitude (km)

Extinction Coefficient (1/km)

B

10 -4

5

2.5
2

18
16

1.5
14
1
12

0.5

0
Jun 13

Jul 13

Aug 12 Sep 11 Oct 11 Nov 10 Dec 10 Jan 9
Date

Feb 8 Mar 10 Apr 9

Fig. 2. Smoke extinction variation with effective ozone reaction
probability (g). (A) Aerosol extinction coefficient (km−1) at 1020 nm with
time at 15° to 60°N at 18 km observed by SAGE III-ISS (in black boxes)
and modeled by CESM-CARMA (in colored boxes) with various g of 10−5,
10−6, and 10−7. Aerosol extinction coefficients at 1020 nm calculated from
the size distributions measured by the two balloon-borne optical particle
counters (POPS) launched over Laramie, Wyoming, are denoted by a black
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open triangle and diamond. Climatological mean aerosol extinction coefficient
from satellites (13) during volcanic free period (2001 to 2005) and period
with moderate stratospheric volcanic influence (2013 to 2016) are shown by
black dashed and dotted lines, respectively. (B) Altitude-dependent lifetime
with various values of g (shown in solid, dashed, and dotted lines) for the smoke
column optical depth above each altitude. Calculated smoke lifetime from
SAGE III-ISS is shown by dashed line with diamond symbols.
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Fig. 3. Observed and modeled smoke transport in August 2017.
(A) Maximum altitude of observed plume height by CALIOP in the region
of interest in black lines with cross symbols; maximum altitude of
observed significant O3 negative anomaly (more negative than −0.3 ppmv)
by MLS and OMPS in the region of interest (30° to 70°N, 80°W to 20°E)
in red solid line; maximum altitude of observed water vapor positive
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anomaly (more than 5 ppmv) by MLS in the region of interest in blue
lines with circle symbols; the same quantities simulated by CESMCARMA are shown by colored dotted lines. (B) Modeled smoke AOD
anomaly in mid-visible wavelengths on 21 August 2017. (C) Modeled
temperature anomaly at 100 mbar between simulations with and without
smoke on 21 August 2017.
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organic mass fraction of 98%. Smoke lifetime is
observed to be ~150 days in the stratosphere,
which is 40% shorter than the modeled dynamical lifetime, suggesting that the photochemical
lifetime of smoke particulate organic matter is
fairly long. For a future large wildfire event, the
chemical composition, size distribution, morphology, and photochemical reaction rates are
important characteristics to measure to improve
our predictability of the three-dimensional transport of the smoke both in the troposphere and
stratosphere. One of the important predictions of
numerous models of nuclear winter is that smoke
injected into the upper troposphere from urban
fires will self-loft high into the stratosphere
(5–7, 23, 24). Estimates of BC injections from
burning cities vary with the assumed fuel loads
for each city but are typically about 0.05 Tg of
BC per weapon for a wide range of scenarios
(25, 26). Our work shows that self-lofting will
occur above a single set of fires and with an
order-of-magnitude less BC than typical for urban
fires. However, the observed rise from the 2017
fires to 23 km is much less than the rise predicted
from the more BC-rich urban fires, whose smoke
is predicted to rise to 50 km or more. Most nuclear winter studies have assumed that the organics in smoke can be ignored because of their
rapid loss from photochemical reactions (6, 7, 23).
This study calls that assumption into question
given the observed persistence of the smoke in
the 2017 fire plume.

