The Impacts of the 9 April 2009
Dust and Smoke on Convection

BY DANIEL T. LINDSEY, STEVEN D. MILLER, AND Louie GRASSO

ildfires and dust storms, although less fre-

quent than severe thunderstorms, are not

uncommon to the United States, and in some
cases can have disastrous impacts to life and prop-
erty. In the central plains, wildfires and dust storms
occur in concert with very strong, dry winds, often
behind a surface dryline associated with a powerful
midlatitude cyclone. Strong synoptic systems often
generate severe convection within their warm sec-
tors. This is also a preferred location for wildfire and
dust outbreaks, provided favorable surface conditions
exist in terms of dry vegetation and erodible surfaces,
respectively. The proximity of warm-sector convec-
tion to boundary layer smoke and dust, when present,
leads to the possibility of these aerosols mixing into
the storms at the low- and midlevels and potentially
altering the microphysical development of these cloud
systems. Presented here are satellite observations
of both the aerosols and the anomalous cloud-top
microphysical evolution observed for a case of con-
vection over the Great Plains, which provide further
evidence to a growing body of scientific research
suggesting the two are closely linked.

Little is presently known about what effects such
combined (dust and smoke) aerosol ingestion has
on convection. In a 2004 article in Science, Andreae
et al. discuss how convective clouds forming near
wildfires in the Amazon have reduced cloud droplet
sizes due to the increased influx of cloud condensa-
tion nuclei (CCN) by dust and smoke aerosols to
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the relatively pristine environment. They argue that
smaller droplets decrease the collision-coalescence
efficiency, which effectively delays the evolution of
precipitation-sized droplets and shifts the water mass
upward in the cloud. They also argue that shifting
the precipitation production upward results in more
vigorous updrafts and stronger storms.

Other work related to the impacts of aerosols on
deep convection include Lindsey and Fromm (2008),
who observed pyrocumulonimbus (pyroCb) clouds,
or storms initiated by the intense heat of a wildfire.
Using Geostationary Operational Environmental
Satellite (GOES) imagery, they found that pyroCbs
exhibited unusually small cloud-top ice crystals as
determined from multispectral observations, which
the researchers attributed to ingestion of wildfire-pro-
duced biomass aerosols. Convective clouds that were
displaced from the wildfire aerosol source (but in an
environment with the same general stability charac-
teristics) displayed significantly larger cloud-top par-
ticle sizes. They hypothesized that the smoke served as
a source of enhanced CCN, and like the Amazonian
clouds discussed above, an unusually large number
of cloud droplets nucleated near cloud base. These
droplets were then lofted within the vigorous updrafts
of the storm, where they froze homogeneously above
the —40°Clevel and populated the storms’ anvils with
tiny ice crystals (see the conceptual diagram in Fig.
1). The anvils of these pyroCbs persisted for longer
than those of the regular convection, a good example
of the cloud lifetime effect. Presumably, smaller cloud
droplets decreased the precipitation efficiency of the
storm, and more water mass was lofted to the anvil,
where it resided longer before either sublimating or
falling out. This process is also considered an aerosol
indirect effect, where aerosols alter cloud properties
(such as the lifetime of the cloud), which in turn affect
incoming and/or outgoing radiation. In a 2005 article
in the Journal of the Atmospheric Sciences, Heymstfield
etal. propose an alternative mechanism that involves
aerosol particles being entrained into convection at
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of the dust. The north-south
—_line of clouds in east Texas
’ and Oklahoma denotes the
location of the dryline, and
convection is just beginning
to initiate on its northern
end at the time of the satellite
overpass. The dust enhance-
ment in Fig. 2a shades only
the pixels with the high-
est dust concentrations red
(e.g., visible optical depths
greater than about 0.5), but
lower concentrations may
exist in proximity to these
red pixels. For example,
gusty winds were observed
in central Oklahoma behind
the dryline, so widespread
dust was likely to be present
there.
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FiG. I. Conceptual diagram comparing (left) a relatively pristine environment
to (right) a polluted environment (such as downwind of a fire, as represented
by the photo). The number of CCN and the size and number of ice crystals
and liquid water drops are qualitatively represented by the number and size of
black, gray, and blue dots, respectively. In a more polluted environment, the
additional CCN result in more and smaller cloud droplets, which are lofted
above the homogeneous freezing level where they freeze to produce a larger
number of smaller ice crystals. Other hydrometeors (such as midlevel ice and
precipitation-sized particles) are not represented in this diagram.

midlevels, activating droplets there, then freezing ho-
mogeneously and producing small anvil ice crystals.
Both mechanisms are consistent with the idea that
increased aerosol concentrations can lead to smaller
ice crystals at the tops of deep convection.

The impact of fire and dust aerosols on convection
is examined here using GOES imagery for a convective
event that occurred over the central United States on
9 April 2009. On this day, environmental conditions
favorable for strong warm-sector convection set up
across Texas and Oklahoma. In addition, strong winds
near the dryline generated a large dust storm and a
number of fast-moving grassland fires in the imme-
diate vicinity of the convection. In their 2010 BAMS
article, Jones and Christopher provide details on the
observation of the dust, fires, and smoke from this case,
as well as some of the damage associated with the fires.
Convection later initiated along the surging dryline,
and smoke and dust aerosols were observed feeding
into the rear flank of the thunderstorms.

To introduce this case study from the satellite
perspective, Fig. 2a shows a MODIS image from
9 April 2009 at 1930 UTC from the NexSat Web site
(www.nrimry.navy.mil/NEXSAT.html), enhanced
for mineral dust via the multispectral technique
outlined by Miller (2003). Dust appears as red tones
in this enhancement, and can be seen across much
of north Texas. Also labeled on this image are smoke
plumes from a number of fires along the eastern end
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By 2145 UTC, storms in
eastern Oklahoma had matured, and a solid bank of
smoke and/or dust can be seen adjacent to the western
edge of the convective line (Fig. 2b). The proximity of
the significant aerosol species to the active convection
suggests that some must be mixing with the clouds
either at low- or midlevels. As shown by Jones and
Christopher (2010), grassfire debris in this event was
detected by radar up to 5 km AGL, so the smaller aero-
sols were very likely lofted to at least this height.

GOES imagery provides high temporal resolution
so that convective evolution can be easily monitored.
It also features a shortwave infrared channel at
3.9 um that is of particular utility to this analysis. The
amount of solar 3.9-ym radiation reflected by deep
convective clouds is strongly dependent on the size
of ice crystals populating the uppermost portions of
the anvil. This dependence allows one to retrieve the
ice effective radius' at cloud-top, and when combined
with the frequency of GOES scans, one can examine
the trends in cloud-top microphysical structure.

! Effective radius is defined here as
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where V(D) is the ice crystal volume and A(D) is the crystal
projected area. N(D) is the ice crystal number.
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Fic. 2. (a) Aqua-MODIS image from 9 Apr 2009 at
1930 UTC, enhanced to highlight areas of dust. Mul-
tiple point sources of dust are present in the Texas
panhandle, and behind a developing convective line
extending into western Oklahoma. Smoke plumes to
the east of the main dust areas appear as gray, and
meteorological clouds are shown in cyan. Imagery
provided by the Naval Research Laboratory NexSat
project (www.nrimry.navy.mil/NEXSAT.html). (b) Vis-
ible satellite image from GOES-12 at 2145 UTC on 9
Apr 2009. Dust, smoke, and vigorous convection are
all evident across Oklahoma and Texas.

Details on how this retrieval is formulated can be
found in Lindsey and Grasso’s 2008 Journal of Applied
Meteorology and Climatology article.

The retrieved cloud-top effective radius on 9 April
at two times on is shown in Fig. 3. At 1402 UTC, be-
fore large aerosol concentrations were present, weak
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FiG. 3. Retrieval of ice effective radius (um) for clouds
with 10.7-uym brightness temperatures less than —40°C
(colors), and 10.7-um brightness temperature for pixels
warmer than —40°C (grayscale) based on GOES-12 imag-
ery at (a) 1402 UTC and (b) 2115 UTC on 9 Apr 2009.

morning convection was moving out of Texas and
Oklahoma; ice effective radius values of these clouds
generally ranged from 35 to 45 ym. By 2115 UTC
(Fig. 3b), those storms had moved into eastern Arkan-
sas and Missouri, and new convection was forming
along the dryline in eastern Oklahoma and northeast
of the surface low in southern Kansas. Ice effective
radius values of the storms in this turbid environment
were generally less than 20 ym (the blue colors in
Fig. 3b), with a few storms generating ice crystals with
effective radii as low as 10 um. New storms formed
along the dryline in east Texas after 2300 UTC, but
the sun angle was too steep at these hours to allow for
a reliable ice effective radius retrieval.

A single case study provides no information about
climatological mean values. However, climatology
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Fic. 4. Mean ice cloud effective radius (zm) for all pixels
having 10.7-um brightness temperatures colder than
—40°C, based on data from Mar 2000, 2003, 2004, and
Apr 2000, 2004.

can be used to examine differences between the 9
April event and events not contaminated with aero-
sols. For this purpose, we used three years of data
(March 2000, 2003, 2004, and April 2000, 2004; pe-
riods offering contiguous data) to generate a map of
mean ice crystal effective radius (Fig. 4). The months
of March and April were selected to remove any
interseasonal variations. To calculate the mean, the
ice effective radius was retrieved for all pixels whose
10.7-pum brightness temperature was less than —40°C,
which included both convective and nonconvective
thick cirrus clouds. However, a visual inspection of
the older data reveals that the grand majority of the
thick cirrus over the southern plains was convectively
generated. Mean ice crystal effective radius values are
34-40 ym across Texas and Oklahoma, with standard
deviations around 8 ym (not shown). Comparing this
map to the retrieval shown in Fig. 3b, the cloud tops
on 9 April showed ice effective radius values generally
1-2 standard deviations below the mean. Histograms
comparing the ice effective radii from the afternoon
convection on 9 April to those of climatology (Fig. 5)
also show that the convectively generated ice crystals
on 9 April were smaller than is typical.
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In the absence of in situ data, a causal relationship
between the presence of significant aerosol concen-
trations and the anomalous cloud top microphysics
observed from satellite can only be postulated. Un-
answered questions include:

1) What other cloud processes alter cloud-top ice
crystal size?

2) What effects do different species of aerosol have
on the intensity of the convection?

3) Do the smaller cloud-top ice crystals significantly
alter the radiation budget?

Ongoing research is addressing these important
questions, but to fully understand how aerosols affect
clouds and the full spectrum of potential feedbacks,
additional collaboration is needed among cloud phys-
icists, modelers, chemists, satellite meteorologists,
and theoretical radiative transfer experts. In terms
of remote-sensing capabilities, the next generation
of geostationary satellites, GOES-R, is scheduled to
be launched in 2015. The Advanced Baseline Imager
aboard GOES-R will provide improved spectral, spa-
tial, and temporal resolution, and will significantly
improve our ability to study the microphysical aspects
of thunderstorms.
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FiG. 5. Histograms showing the normalized frequency
of ice effective radius for the 9 Apr 2009 event over the
southern plains (solid), and for the climatology using
the same data as in Fig. 4 (dashed). For both histo-
grams, only data north of 29°N, south of 40°N, east of
100°W, and west of 95°W were used. Effective radius
is defined here as in the footnote on page 992.
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