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Abstract Small cumulus clouds over the western United States were measured via airborne
instruments during the wildfire season in summer of 2018. Statistics of the sampled clouds are presented
and compared to smoke aerosol properties. Cloud droplet concentrations were enhanced in regions
impacted by biomass burning smoke, at times exceeding 3,000 cm~3. Images and elemental composition of
individual smoke particles and cloud droplet residuals are presented and show that most are dominantly
organic, internally mixed with some inorganic elements. Despite their high organic content and relatively
low hygroscopicity, on average about half of smoke aerosol particles >80 nm diameter formed cloud
droplets. This reduced cloud droplet size in small, smoke-impacted clouds. A number of complex and
competing climatic impacts may result from wide-spread reductions in cloud droplet size due to wildfires
prevalent across the region during summer months.

Plain Language Summary Wildfires over the western United States produce large quantities
of smoke during the summer months. The smoke includes airborne particles that can act as nuclei for
forming individual droplets in clouds. Particles and clouds in the region were sampled with a research
aircraft to measure the properties of smoke particles and how they influenced the properties of small
cumulus clouds. Clouds were strongly influenced by smoke across the western U.S. On average, sampled
clouds had about 5x as many droplets, and droplets were about 1/2 the size, as in clouds not influenced
by smoke. Because of their small droplet sizes, these smoky clouds are expected to reflect more light and
produce less rain than clouds in clean air. Other complex effects are possible due to warming impacts of
the smoke itself, and due to other potential impacts of smoke aerosols on larger, deeper clouds.

1. Introduction

Wildfires are abundant over the western United States during summer months, creating high concentra-
tions of smoke aerosol particles that can impact health (Kiinzli et al., 2006) and produce complex effects on
climate over North America (Brey et al., 2018; Jacobson, 2014). The area burned by western U.S. wildfires
has increased in recent years and is expected to increase further in a warmer future (Abatzoglou & Wil-
liams, 2016; Brey et al., 2020; Dennison et al., 2014; Westerling et al., 2006; Westerling, 2016). Smoke inter-
actions with clouds in the region, however, are not well understood. Biomass burning smoke particles are
dominated by organic material, usually internally mixed with some inorganic species (Gomez et al., 2018;
Li et al., 2003). Since inorganic compounds and some of the organic components in smoke particles are wa-
ter-soluble (Gao et al., 2003; Gomez et al., 2018; Ruellan et al., 1999), smoke particles usually have a low but
non-negligible hygroscopicity parameter (kappa) (Petters & Kreidenweis, 2007). Biomass burning particles
are usually in the accumulation mode with mean diameters >100 nm (Reid et al., 2005), so they have the
potential to be cloud condensation nuclei (CCN) at modest supersaturations.

Particles from African savannah-derived smoke were shown to act as CCN by Ross et al. (2003), and
smoke-derived CCN from the Amazon Basin were predicted to influence cloud properties with potentially
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Figure 1. Top: Location of the Western Wildfire Experiment for Cloud Chemistry, Aerosol Absorption, and Nitrogen
sampling area over the Western U.S., with colored lines showing flights during which clouds were sampled (gray
lines are other flights). Locations of clouds sampled are shown with blue triangles, while wildfires marked as orange
triangles. Bottom: In-flight photos of the type of small altocumulus clouds sampled on August 4, 2018 (Flight 6, left)
and August 16, 2018 (Flight 12, right). Photo credit Emily Fischer.

significant cloud radiative forcing (Roberts et al., 2003). Warner and Twomey (1967) and Eagan et al. (1974)
found that cumulus cloud droplet concentrations were enhanced by about a factor of three in smoke gen-
erated from Australian cane fires and Oregon forest fires, respectively. The latter study also noted smaller
droplets and a narrower size distribution for smoke-influenced clouds. Over Amazonia, forest fire smoke
was observed to reduce droplet size and precipitation at lower cloud levels, but can actually produce more
precipitation at higher levels in deep convection (Andreae et al., 2004).

2. Experiment

Measurements of wildfire smoke plumes, aged smoke, and clouds influenced by smoke were sampled dur-
ing the Western Wildfire Experiment for Cloud Chemistry, Aerosol Absorption, and Nitrogen (WE-CAN)
during the summer of 2018. This was an active fire season in the northwestern U. S., (https://www.nifc.
gov/fireInfo/nfn.htm; https://www.fire.ca.gov/stats-events/), with smoke observed more than 80% of days
throughout the region in August 2018 (Figure S1). The National Science Foundation/National Center for At-
mospheric Research (NSF/NCAR) Hercules C-130 research aircraft (https://doi.org/10.5065/D6WM1BGO)
was based in Boise, Idaho, and biomass burning smoke over much of the western U.S. was sampled (Fig-
ure 1). Measurements of small altocumulus clouds with bases embedded in predominately aged smoke
layers with elevated aerosol optical depths (Figure S2) were made during six flights. Indirect aerosol ef-
fects on these small, midlevel cumulus clouds have not been extensively studied. Ambient pressures and

TWOHY ET AL.

20f 10


https://www.nifc.gov/fireInfo/nfn.htm
https://www.nifc.gov/fireInfo/nfn.htm
https://www.fire.ca.gov/stats%2Devents/
https://doi.org/10.5065/D6WM1BG0

A7
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL094224

temperatures at the level of cumulus penetration ranged from 485 to 660 mb and 260 to 275K, respectively.
Additionally, one flight sampled warm stratocumulus clouds just off the California coast.

A broad complement of aerosol and gas-phase chemistry measurements focused on the composition
and evolution of the smoke aerosol. Measurements used here include aerosol size distributions from a
nano-Scanning Mobility Particle Sizer (nSMPS) (Ortega et al., 2019) and Ultra High Sensitivity Aerosol
Spectrometers (UHSAS) (Kupc et al., 2018), as well as cloud condensation nuclei (CCN) spectra (Roberts
& Nenes, 2005). Refractory black carbon (rBC) content of the aerosol was obtained with a Single Particle
Soot Photometer (SP2) (Schwarz et al., 2006), while single scattering albedo (SSA) was derived from a pho-
toacoustic absorption spectrometer (PAS) (Foster et al., 2019) and Cavity Attenuated Phase Shift Spectros-
copy (CAPS PM,) (Onasch et al., 2015). Single particle chemical composition for selected particles was
obtained via analytical Scanning Transmission Electron Microscopy (STEM) and X-ray spectroscopy, and
bulk submicron aerosol composition was measured with a High-Resolution time-of-flight Aerosol Mass
Spectrometer (HR-AMS) (Garofalo et al., 2019). Cloud droplet size distributions were determined with a
cloud droplet probe (CDP), while larger hydrometeors were measured with a 2D-C optical array probe.
Bulk cloud liquid water content was measured with a CSIRO/King hot-wire probe (King et al., 1978). More
details of these instruments and their WE-CAN configuration are given in the Supporting Information.

3. Results
3.1. Cloud Microphysics

Figures 2a and 2b show statistics of droplet number concentrations in sampled cloud segments during
WE-CAN. The following inclusion criteria was used for eligible cloud segments, where each segment was
approximately 1 km long (7 s averages): cloud liquid water content (LWC) was continually >0.01 g m~3 and
cloud droplet number concentration was continually >10 cm~3 for all 7 s. Peak updraft velocities ranged
from <1 m s~! to about 7 m s~L. Figure 2a shows cloud droplet concentrations for eligible segments on all
7 cloud flights. Cloud segment means are shown on the left and peak values at 1 Hz are on the right. Since
some clouds were tenuous with very low mean LWCs, Figure 2b shows a similar plot including just the
cloud segments with mean LWCs > 0.1 g m~3. Median LWC was 0.11 g m~3 for all cloud segments and 0.18 g
m~3 for clouds with mean LWCs >0.1 g m~3. Higher LWC clouds have stronger dynamic forcing and so more
and smaller CCN are activated, leading to 40%-60% higher median droplet concentrations when the higher
LWC screening was used (Figure 2a vs. Figure 2b).

Median cross-cloud droplet concentrations were ~780 cm= for all segments (Figure 2a, green), and
1100 cm~3 for segments with LWCs > 0.1 g m~3 (Figure 2b, green). Droplet concentrations for WE-CAN
smoke-impacted clouds are thus about 5x higher than median remote continental cumulus droplet con-
centrations of 240 cm~3 measured by Leaitch et al. (1992) over NE North America (their median LWC was
0.24 g m~3 and thus more comparable to our higher LWC statistics; Figure 2b). Peak number concentrations
(median values 1250 cm~3 and 1960 cm~3; Figures 2a and 2b, purple) for our data set are also much higher
than peak number concentrations of ~140-320 cm~3 reported for Washington cumulus clouds under a
westerly flow regime (Radke & Hobbs, 1991). While LWC was not reported for the 1991 study, WE-CAN
clouds had similar temperatures and depths (most < 1 km deep) as clouds in that study. For WE-CAN cloud
segments with LWC > 0.1 g m~3, only the off-shore stratocumulus clouds had some droplet concentrations
<500 cm~3. Droplet concentrations for all cumulus cloud segments were >500 cm~3, always greater than
expected for unperturbed clouds. This demonstrates that cuamulus cloud microphysics were impacted across
the sampled northwestern U. S. region (Figure 1). Given the widespread influence of smoke during the
summer season (Figures S1 and S2) and the ability of WE-CAN smoke to act as CCN as discussed below,
enhanced smoke CCN are the most likely cause of the observed high droplet concentrations.

Because of the high droplet concentrations and relatively low LWCs, cloud droplet sizes were quite small.
For the 6 flights measuring small cumulus clouds, 76% of the cross-cloud mean droplet diameters were be-
tween 5 and 7 um. With such small droplet sizes, coalescence and liquid-phase precipitation is expected to
be minimal (see Section 4). In fact, number concentrations of particles larger than 75 um measured by the
2D-C probe were <1 L1 for 92% of the cumulus cloud segments. Flights 3, 12 and 15 (with slightly super-
cooled temperatures 263-269 K) had some segments with >75 um number concentrations between 3 and
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Figure 2. (a) Statistical box and whisker plots of droplet concentrations on flights 3, 4, 6, 10, 12, 14, and 15 for cloud segments with droplet concentration

>10 cm~3 and liquid water content (LWC) > 0.01 g m~3 for at least seven continuous sec. Cloud segment means are on the left in green, while peak values at

1 Hz are on the right in purple. Colored boxes include data between lower and upper quartiles and the horizontal line is the median for all values. Outlier values
(circles) extend beyond 1.5x the interquartile distance from the box; vertical lines show the full range of non-outlying values. Droplet concentrations expected
in small cumulus not impacted by smoke from other studies (Leaitch et al., 1992; Radke & Hobbs, 1991) are shown in blue boxes marked “Unperturbed”. (b) As
in (a), but restricted to cloud segments with mean LWC > 0.10 g m~>. (c) Box plots of scavenging ratios, or number of droplets N, divided by number of particles
Np below cloud. Ratios for particles in the wing-mounted Ultra High Sensitivity Aerosol Spectrometers size range (0.08-1.0 um diameter) are in red on left and
for the PCASP size range (0.10-1.0 um diameter) are in blue on right.

12 L. These particles were confirmed from images to be ice. Barry et al. (2021) showed that smoke plumes
measured during this project were associated with elevated ice nucleating particle concentrations. However,
the limited sampling in clouds containing ice at a range of temperatures precludes robust conclusions on
smoke impacts on ice formation during WE-CAN.

3.2. Smoke Size, Composition and Scavenging Ratios

Cloud droplet number concentrations for cloud segments as described above were compared to nearby
aerosol number concentrations within the smoke layer for the wing-mounted UHSAS (0.08-1.0 um diam-
eter) and PCASP (0.10-1.0 um diameter) size ranges to estimate the scavenging ratio, or fraction of smoke
particles that activate into cloud droplets (Figure 2c). Because clouds were fragmented and often obscured
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Figure 3. (a) Smoke particle size distribution (nano-Scanning Mobility Particle Sizer and Ultra High Sensitivity
Aerosol Spectrometers combined) from below-cloud leg on Flight 6 (August 3, 2018) as a function of time. Vertical
axis is particle diameter and colors represent particle number concentration; black line is mean aerosol diameter. The
aircraft is mostly within the smoke at 2.7-2.8 km altitude, with a descent at 22:50-22:55 UTC into cleaner air at 2.1 km
(shaded). (b) Geometric mean number diameter (D, ) and hygroscopicity parameter kappa (K), calculated from cloud
condensation nuclei spectrum and size distribution. (c) Submicron mass concentration of non-refractory organics and
inorganics from the High-Resolution time-of-flight Aerosol Mass Spectrometer and refractory black carbon from the
SP2.

in the smoke, it was difficult to target a consistent distance below cloud base for aerosol sampling. Actual
below-cloud flight legs ranged between 250 and 950 m below the in-cloud flight legs. If flight tracks did not
include legs below the clouds, aerosol concentration data were taken in the smoke layer outside of clouds,
but as close as possible to the cloud legs. The scavenging ratio analysis is also restricted to data in more
dilute smoke regions with UHSAS count rates below 3000 s, where the concentration error due to coinci-
dence is small (<5% according to the manufacturer). Also, only cloud segments with mean LWCs > 0.10 um
were used, in order to minimize the potential effects of clouds that might be evaporating. As discussed
above, most droplets were too small to initiate coalescence, so the assumption of a one-to-one correspond-
ence between CCN and droplet number concentration should be acceptable.

Figure 2c shows that in the median for all segments, about 50% of particles >0.08 um activated and about
65% of particles >0.10 pm activated. This suggests that most smoke particles in the accumulation mode
were acting as CCN, even at the relatively modest supersaturations expected in these small cumulus clouds.
Note that the calculated scavenging ratios were occasionally above 1.0. This could occur if the optical probes
undercounted particles near or below the lower size limit that actually formed cloud droplets, or if the al-
titude of the leg chosen for below cloud measurement didn't accurately represent the altitude of particles
entering cloud base for that case.

In order to further understand the activation of smoke particles into droplets, an example of the below-cloud
aerosol size distribution, submicron aerosol composition, and calculated aerosol hygroscopicities for aged
smoke sampled on Flight 6 are shown in Figure 3. Hygroscopicity is parameterized by the kappa value
(Petters & Kreidenweis, 2007), which is calculated from the aerosol size distribution and CCN spectrum.
This was the flight with consistently highest cloud droplet concentrations, although size distributions and
hygroscopicities of smoke on other flights were similar.
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a) RF06 Below Cloud

Figure 4. (a) Particle bright-field image and X-ray emission mapping of Flight 6 below-cloud particle, with elements carbon, oxygen, nitrogen, sulfur, and
potassium. (b) As in (a), but for cloud droplet residual particles sampled from small cumulus cloud droplets on the same flight.

Most smoke particles were large, predominately in the accumulation mode with a geometric mean diame-
ter (Dgn) of about 170 nm for this case. The dominance of the accumulation mode was observed for fresher
WE-CAN smoke plumes as well, with Dgn between 160 and 230 nm for six fire cases with smoke plume ages
between 40 and 200 min (Figure S3). On Flight 6, when the aircraft dipped below the main smoke layer
briefly at 22:50 UTC, the size distribution instead was dominated by a 20-70 nm Aitken mode. HR-AMS
composition data (Figure 3c) revealed that the non-refractory smoke aerosol was mostly organic carbon,
with non-refractory inorganic aerosol comprising about 8% of the submicron mass. Refractory black carbon
mass from the SP2 was about 2% of the non-refractory submicron aerosol mass, which was typical for WE-
CAN flights in smoke throughout the western U.S. as reported in Garofalo et al. (2019).

The relatively low black carbon mass percentage is consistent with the SSA of about 0.96 (at 450 nm) and
0.97 (at 660 nm) determined from the PAS and CAPS PM, monitor for this period. These SSA values typi-
cal of aged smoke outside of active plumes were higher than values measured in thick plumes close to fires,
which were typically about 0.92-0.93. Calculated kappa values of ~0.05-0.15 (Figure 3b) are consistent with
an aerosol dominated by organic material and are within the range determined in prior studies of biomass
burning aerosol (Carrico et al., 2008; Petters et al., 2009). Despite the relatively low mean hygroscopicity,
most particles are internally mixed with some hygroscopic components, as shown below. Since activation
into cloud droplets to a first order is dependent on the number of solute molecules present, the relatively
large diameters (~70-300 nm) of the smoke accumulation mode makes them able to act as CCN at modest
supersaturations and thus impact the properties of the sampled cloud types.

The ability of WE-CAN biomass burning particles to act as CCN is borne out by the electron microsco-
py analysis of single particles from evaporated cloud droplets. Figure 4 shows examples of aged biomass
burning particles from Flight 6, with a bright-field image of particles sampled on the left and the relative
intensity of X-ray emission from various elements in each row. The first row (Figure 4a) is a typical example
of aged biomass burning particles collected below clouds, where most particles contained carbon and oxy-
gen, often internally mixed with nitrogen, sulfur and potassium, distributed throughout the particle. This
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morphology and composition was similar to that observed in sampling of plumes near active fires on other
flights during the project, and these particles were characterized as organic biomass burning particles (see
Supporting Information). Cloud residuals collected from Flight 6 (Figure 4b) had a very similar morphology
and composition. In fact, 92% of residual particles in the 0.1-0.5 um physical diameter range analyzed from
this cloud sample were this organic particle type (total n = 26).

Individual particles were analyzed for four flights sampling in fire smoke plumes, aged smoke and altocu-
mulus (n = 280). Organic biomass burning particles were on average 74% by number in the 0.1-0.5 um di-
ameter range, followed by 13% mineral dust and metals, 8% mixtures of organics and dust, with the remain-
ing 5% being sulfates and salts. A small sampling of particles >0.5 um over the western U.S. (total n = 63)
also were predominately organic biomass burning types, while mineral dust, ash and mixtures of these with
biomass burning organics comprised about one third by number. Even stratocumulus clouds over the ocean
off the California coast showed evidence of being impacted by smoke. About two-thirds of residual strato-
cumulus droplets analyzed in the 0.1-0.5 pm diameter range (n = 16) were identified as biomass burning
derived, including those internally mixed with sea-salt-based sea-spray. This internal mixing likely occurs
through in-cloud scavenging of large droplets formed on sea-spray with more numerous biomass burning
particles. Coalescence of cloud droplets could also be a source of these mixed particle types, since unlike the
altocumulus sampled over land, the coastal stratocumulus clouds had larger droplets where some collision/
coalescence could occur.

4. Possible Regional Climate Implications

A number of complex and competing climatic impacts are possible (Jacobson, 2014) due to the wide-
spread biomass-burning smoke present over the western U.S. and Canada during the summer season.
Here we discuss potential effects on primarily liquid clouds that can be partially addressed with our in-situ
measurements.

Smoke-impacted altocumulus clouds had about 5x the droplet concentrations of unperturbed clouds meas-
ured previously in the region (Figures 2a and 2b). Due to the high droplet number concentrations, the
cloud droplet effective radius r,, which together with liquid water path determines the albedo of water
clouds, was typically about 4-5 um. Given that 1 is inversely proportional to N, d” 3 (Liu & Hallett, 1997;
Reid et al., 1999), the expected r,, for non-smoke impacted clouds would be about 8 um. Thus the r,g of
smoke-impacted clouds is about half of that expected for pristine clouds in the region. This difference is
similar to calculated changes in droplet size observed for cumulus clouds within the Amazon jungle impact-

ed by biomass burning smoke (Roberts et al., 2003).

The smaller 1, for smoky clouds could increase the albedo of small cumulus clouds leading to a cooling
effect, assuming a constant liquid water path. The assumption of a constant liquid water path may not be
realistic for smoky clouds, however, since radiative perturbations by smoke itself can affect atmospheric sta-
bility, evapotranspiration and relative humidity, reducing cloud frequency for a net warming effect. This has
been observed over the Indian Ocean and the Amazon (Ackerman et al., 2000; Koren et al., 2004; Liu, 2005a).
Globally, biomass-burning aerosol absorption and semi-direct effects were predicted to outweigh indirect
effects on climate, for a net positive radiative forcing (Jacobson, 2014). Ten Hoeve et al. (2012) found that
the relative importance of aerosol absorption effects versus cloud indirect effects depended on smoke aer-
osol optical depth (AOD at 0.55 um), with absorption (warming) effects dominating for smoke with AODs
between ~0.3 and 0.9 over Amazonia. Satellite-derived AODs in the WE-CAN cloud sampling regions were
usually in the ~0.4-0.9 range (Figure S3). If smoke and cloud characteristics were similar to those in the Ten
Hoeve et al. (2012) study, potential cooling effects due to smaller droplets would be overwhelmed by warm-
ing impacts of the smoke itself. However, the aged WE-CAN smoke was less absorbing and had a higher
SSA (0.96-0.97) than smoke simulated in most modeling studies. For example, Ackerman et al. (2000) and
Liu (2005a, 2005b) used a SSA of 0.88. The higher SSA in the western U.S. smoke region would decrease the
aforementioned warming tendency of smoke particles, as well as any additional warming effects of smoke
inside cloud droplets (Chuang et al., 2002; Jacobson, 2014; Twohy et al., 1989).

Microphysical effects on precipitation are also possible due to the reduced droplet sizes in smoke-influenced
clouds. Precipitation is formed at warm temperatures through collision and coalescence when droplets
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reach a certain size. The probability of precipitation at the observed r,; for WE-CAN clouds (4-5 um) is
virtually zero (Freud & Rosenfeld, 2012). Lower precipitation rates also would be expected with smoke-in-
duced decreases in cloud frequency for the reasons discussed in the prior section. Decreases in summertime
precipitation have been observed (Holden et al., 2018) and could in turn feed back on wildfire frequency
(Liu, 2005b), further stressing water resources in western states such as California that are already prone to
multi-year drought (USGCRP, 2017). Western wildfire smoke also is transported eastward (Brey et al., 2018)
and may impact precipitation downstream as well. For example, a modeling study (Liu, 2005b) showed that
warming due to transported western U.S. smoke could weaken the low pressure troughs over the Midwest
and possibly reduce precipitation there.

Our study measured relatively shallow altocumulus clouds, which are present in greater amounts in the
summer months over the western U.S. than other cloud types (Eastman et al., 2014). In deeper clouds
with higher liquid water contents extending to colder temperatures, effects likely would be different. For
example, smoke CCN could reduce droplet size and decrease precipitation efficiency at low levels (Freud &
Rosenfeld, 2012), while precipitation enhancement at higher altitudes can occur via various mechanisms
(Cotton & Walko, 2021). In addition, since wildfire smoke particles serve as ice nucleating particles (INPs)
under some conditions (Barry et al., 2021; Levin et al., 2005; McCluskey et al., 2014; Sokolik et al., 2019),
precipitation increases are possible through this route in deeper clouds as well. In fact, Barry et al. (2021)
found that INPs were enhanced in WE-CAN smoke plumes relative to background air outside plumes, and
that organic INP dominated over biological and mineral dust under most conditions.

5. Summary and Conclusions

Smoke particles from wildfires over the western United States are composed of primarily organic and some
inorganic compounds, and they frequently form droplets in small cumulus clouds due to their large size
and moderately hygroscopic nature. Droplets in smoke-influenced altocumulus clouds, on average, were
about 5x more numerous and about 1/2 the size of those expected for non-perturbed clouds in the same
region. The more numerous and smaller droplets would increase cloud albedo and decrease the likelihood
of precipitation in these shallow cumulus clouds. Radiative impacts of the smoke aerosol itself can be large
and may counter these indirect aerosol effects; however this is less likely in this region given the relative-
ly high SSA of the smoke aerosol. Effects on deep convective clouds are expected to be different as well.
Together these effects likely exert a complex radiative forcing in the region that would require a detailed
regional model with aerosol and cloud microphysics and radiation to assess the net effect. Statistical studies
of smoke loadings versus cloud and precipitation frequency for years of record would also be valuable.

Data Availability Statement

Aircraft data are available at https://data.eol.ucar.edu/project/ WE-CAN. MODIS AODs are from the NASA
Earth Observations site at https://neo.sci.gsfc.nasa.gov/view.php?datasetld=MYDAL2_D_AER_OD.
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Erratum

The authors discovered an error in the citations to Liu (2005) in the originally published version. In fact,
there are two articles by Y. Liu that are cited by this work, both published in 2005. The reference list and
citations have been updated accordingly. Conclusions are unchanged, and the present version may be con-
sidered the authoritative version of record.
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