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Abstract Dry aerosol size distributions and scattering coefficients were measured on 10 flights in 32
clear-air regions adjacent to tropical storm anvils over the eastern Atlantic Ocean. Aerosol properties in
these regions were compared with those from background air in the upper troposphere at least 40 km from
clouds. Median values for aerosol scattering coefficient and particle number concentration>0.3 μmdiameter
were higher at the anvil edges than in background air, showing that convective clouds loft particles from the
lower troposphere to the upper troposphere. These differences are statistically significant. The aerosol
enhancement zones extended ~10–15 km horizontally and ~0.25 km vertically below anvil cloud edges
but were not due to hygroscopic growth since particles were measured under dry conditions. Number
concentrations of particles >0.3 μm diameter were enhanced more for the cases where Saharan dust layers
were identified below the clouds with airborne lidar. Median number concentrations in this size range
increased from ~100 l�1 in background air to ~400 l�1 adjacent to cloud edges with dust below, with larger
enhancements for stronger storm systems. Integration with satellite cloud frequency data indicates that this
transfer of large particles from low to high altitudes by convection has little impact on dust concentrations
within the Saharan Air Layer itself. However, it can lead to substantial enhancement in large dust particles
and, therefore, heterogeneous ice nuclei in the upper troposphere over the Atlantic. This may induce a
cloud/aerosol feedback effect that could impact cloud properties in the region and downwind.

1. Introduction

Vast quantities of mineral dust particles are liberated from Saharan soils and then transported over the tro-
pical Atlantic Ocean. Saharan dust particles can act as both cloud condensation nuclei [Koehler et al., 2009;
Karydis et al., 2011] and heterogeneous ice nucleating particles [Chen et al., 1998; Sassen, 2003; Hoose and
Möhler, 2012; Cziczo et al., 2013]. They have been found in chemically unprocessed state within individual
droplets and ice crystals in clouds off the coast of Africa [Twohy et al., 2009b; Zipser et al., 2009; Twohy,
2015]. During Saharan dust transport events across the Atlantic, dust was found to enhance the concentra-
tion of ice nucleating particles in the lower troposphere [DeMott et al., 2003], glaciate an altocumulus cloud
[Sassen, 2003], and dominate cirrus crystal residuals [Sassen, 2003; Cziczo et al., 2004]. Several studies have
investigated how the dry Saharan Air Layer (SAL) and the dust particles within it influence properties of cloud
systems [Mahowald and Kiehl, 2003; Dunion and Velden, 2004; Levin et al., 2005; Evan et al., 2006; Jenkins et al.,
2008; Herbener et al., 2014; Storer et al., 2014; Herbener et al., 2016]. These aerosol indirect effects can have
complex manifestations, particularly in clouds where the ice phase is involved [Khain et al., 2005; van den
Heever et al., 2006; Creamean et al., 2013; Fan et al., 2013]. Here we focus on how the dust distribution itself
is spatially modified by interactions with deep convection and hypothesize that this might induce changes
in ice clouds downstream due to redistribution of ice nucleating particles to higher levels in the atmosphere.

Based on CALIOP lidar satellite imagery, Yu et al. [2015] estimated that annually, only about 24% of the dust
mass leaving the coast of North Africa survives to reach longitude 75°W over the Caribbean Sea. Presumably,
the other 76% is deposited in the ocean by wet and dry deposition processes, where it may be important in
providing iron and other nutrients to the marine biota [Jickells et al., 2005]. The bulk of the remaining dust
stays in the lower free troposphere in the 2–6 km altitude region [Yu et al., 2015]. However, there are some
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changes to its vertical structure, particularly along the southern boundary where it interacts with convection
[Liu et al., 2012]. The tropical upper troposphere aerosol is dominated by recently formed, ultrafine particles
[Brock et al., 1995;Weigel et al., 2011]. Thus, even small quantities of mineral dust lofted and deposited there
by storms may change the upper tropospheric background aerosol and impact ice nucleation in downstream
clouds. The potential importance of this dust lofting process is investigated here using in situ measurements
around convective storms over the eastern Atlantic Ocean.

As they develop, convective storms entrain dry environmental air and detrain cloudy air, which mixes with
the external environment. This leads to humid regions around cloud edges containing hydrated aerosol par-
ticles and evaporated droplets and ice crystals. These regions have been called cloud “halos” [Radke and
Hobbs, 1991]. In some studies, they have been called “transition zones” or “twilight zones” [Koren et al.,
2007]. These terms, while evocative, are not very specific. In addition, “halo”may be confused with a specific
optical phenomenon caused by light interaction with ice crystals and does not incorporate the three-
dimensional nature of these cloud-perimeter features. Satellite measurements show increases in aerosol opti-
cal depth near clouds typically extending 5–15 km or more that may cover significant fractions of the global
atmosphere [Koren et al., 2007]. Various explanations have been proposed including partly cloudy pixels, new
particle production, 3-D cloud reflection effects [Marshak et al., 2008], and hygroscopic growth of aerosol par-
ticles [Koren et al., 2007; Twohy et al., 2009a]. Airborne lidar measurements also have detected enhancements
in aerosol optical depth near clouds [Su et al., 2008; Eck et al., 2014].

Most of these previous studies, however, have focused on low clouds where background aerosol concentra-
tions are relatively high due to their proximity to surface sources. Little information is available on transition
zones of anvil outflow from deep convection into the typically clean upper troposphere. In the tropics, thun-
derstorm anvils can reach 16 km in height and extend over 100 s of kilometers horizontally. Here we use in
situ measurements to study the edges of convective anvils from deep tropical storms, with the goal of asses-
sing their aerosol characteristics. We find that there is a region of enhanced aerosol scattering and particle
number concentration near the base of convective anvils, with particularly large enhancements for convec-
tive storms influenced by Saharan dust. A new and explicit name, the “aerosol enhancement zone” is defined
for these regions. Using these measured aerosol size distributions and prior measurements of dust and ice
nucleating particles, we estimate how much Saharan dust is transported to the upper troposphere by these
events and its potential impact on ice nucleation downstream. The in situ measurements of dried aerosol
particles presented here are free from partly cloudy pixels, 3-D and hygroscopic growth effects that can
confound satellite measurements.

2. Materials and Methods

During the 2006 NAMMA (NASA African Monsoon Multidisciplinary Analyses) field program [Zipser et al., 2009],
aerosol particles and clouds were sampled from the NASA DC-8 aircraft. The aircraft was based about 700 km
west of the west African coast at the Cape Verde Islands. The experiment was conducted in August and
September 2006, when most African aerosol emissions were from Saharan dust sources to the north. In other
seasons, biomass-burning particles from the Sahel are more likely to be mixed with dust sources [Lieke et al.,
2011; Rodríguez et al., 2011].

Data presented here are from 10 flights targeting tropical storm systems and the surrounding environment
over the eastern Atlantic Ocean, with various levels of development and dust influence. All samples were in
clear air from 8 to 12 km height, levels corresponding to storm anvils and removed from the top of the main
SAL layer, which is usually below 6 km [Ben-Ami et al., 2009; Yu et al., 2015]. Often cloud anvils extended above
12 km to levels that the aircraft could not reach, so our data correspond to heights of the low to middle anvil
outflow regions and may include particles sedimenting from above. Avery et al. [2010] found that the level of
maximum convective outflow in the tropics was 10–11 km, the mode altitude of our sampling. Ambient tem-
peratures at this altitude ranged from 225 K to 255 K. Various time-synced NAMMA measurements (see Data
Availability) were used to detect cloud edges and to select samples to be included for further analysis, as
described below.

Two categories of aerosol samples were compared, those representing the far-field “background” environ-
ment, well removed horizontally from the anvil clouds, and those defined as the “precloud edge” (PCE) in
clear air immediately prior to the aircraft entering significant anvil cloud (Figure 1). We define “significant”
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cloud as that having 5 s average condensed water content (CWC) from the counterflow virtual impactor
>0.1 g m�3. Reliable aerosol measurements are difficult inside clouds when ice is present, due to the
tendency of large hydrometeors to breakup during sampling at aircraft speeds and produce multiple
aerosol particles [Weber et al., 1998; Schwarzenbock and Heintzenberg, 2000]. A conservative approach
using multiple in situ measurements was used to assure that the precloud edge samples had no ice
crystals present to compromise aerosol measurements. Thus, each 5 s period had to meet all of the
following conditions to qualify as PCE data: ice crystal number concentration from the Cloud Imaging
Probe (50–1550 μm diameter) = 0.00 cm�3, CWC ≤ 0.001 g m�3 and relative humidity with respect to ice
(RHice) from the Diode Laser Hygrometer ≤96%. For additional rigor, cloud exit periods were not used to
avoid periods where hysteresis may impact CVI measurements [Heymsfield et al., 2007] or where residual
artifact particles in sampling lines that could affect aerosol measurements.

Background samples were averaged over available clear-air regions at least 40 km from cloud edges, a
distance found to be sufficient to preclude any enhancement in aerosol properties or humidity near the
clouds (cf. Figure 3). There were 61 background cases, 32 PCE cases, and a subset of 8 PCE cases with dust
below the anvil in the lower troposphere. The latter were selected based on onboard lidar measurements,
as described later.

In situ measurements of aerosol microphysical properties and optical parameters were recorded with cabin-
mounted instruments sampling downstream of an isokinetic inlet mounted on a window-plate located just
ahead of the DC-8 wings [Chen et al., 2011]. The inlet was previously characterized by flying multiple times
past an instrumented tower and comparing aerosol scattering and particle size distribution measurements
[McNaughton et al., 2007]. That study indicated that 90% to 100% of the particles in the 0.1 to 3 μm diameter
range are sampled by instruments downstream of the aircraft inlet, with a 50% sampling efficiency of 5 μm
diameter for dust particles. Particle data from precloud edges and background air are presented from three
different instruments. The aerosol scattering coefficient at 0.55 μm, σsp, represents the scattering contribu-
tion to aerosol optical depth and was determined by a TSI 3563 integrating nephelometer. Data from this
instrument were corrected for truncation errors [Anderson et al., 1996] and Rayleigh scattering and represent
aerosol scattering over the diameter range from about 0.1 to 5 μm. Ultrafine particle number concentration

Figure 1. Side view of storm anvil, showing how 32 precloud edge segments were selected for further analysis. Multiple
cloud measurements were used to identify the cloud edge, with aerosol data averaged over 20 s (approximately 4 km
horizontally) just prior to entering the cloud. Eight of the 32 precloud edges were identified as having dust layers below
based on lidar data. Sixty-one background samples were averaged over varying time periods at similar altitudes but at least
40 km horizontally from any cloud. Not to scale. Bottom right shows a dust layer as represented by LASE ASR measurements.
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>0.003 μm diameter was measured by a TSI 3025A condensation particle counter, while a MetOne optical
particle counter (OPC) provided eight channels of size data over the 0.3 to 10 μm diameter range. For both
background and PCE samples, relative humidities of ≪10% were typically measured in the aerosol sampling
line due to the aircraft cabin temperature being ≥40°C warmer than ambient air. Thus, particles may be
considered to be dry for all measurements presented. Also, concentrations are given per ambient volume
of air rather than at standard temperature and pressure. More details on the NAMMA aerosol sampling
system and instrument suite are provided in Chen et al. [2011]. Archived “merge” files containing data from
multiple instruments, synced in time, and averaged over 5 s intervals (corresponding to approximately
1 km in horizontal extent) were used for our calculations.

Aerosol scattering ratio (ASR) from the NASA Lidar Atmospheric Sensing Experiment (LASE) lidar on board the
DC-8 [Browell et al., 1997; Ismail et al., 2010] was utilized to identify dust layers below the anvils. LASE provided
profiles of water vapor mixing ratio and aerosol scattering ratio at 0.815 μm; the latter is the ratio of aerosol to
molecular backscattering corrected for water vapor absorption and attenuation by molecular scattering.
LASE transmitted in both nadir and zenith directions simultaneously and so provided profiles both above
and below the DC-8. During NAMMA, profiles of aerosol extinction and optical thickness were generated
from the LASE data in research mode for some selected cases [Ismail et al., 2010]. ASR and aerosol extinction
profiles have a vertical resolution of 60m and a horizontal resolution of 2.1 km. After the precloud edges were
identified, simultaneous downward looking LASE scenes were examined to determine if the SAL layer was
present below upon approach to the anvil. The SAL was readily visible in LASE ASR images unless midlevel
clouds obscured the signal. PCEs where this occurred were not put in the dust category, although it is possi-
ble that dust was still present below.

Data from the CALIOP cloud/aerosol lidar aboard the CALIPSO satellite were used to assess dust layers as a
function of height in the NAMMA region. Dust aerosols have large particulate depolarization ratios due to
the nonsphericity of the particles, allowing them to be distinguished from other aerosol species. Dust
particles are identified using an extinction to backscatter ratio at 532 nm of 40 steradians, while polluted dust
(a mixture of coarse mode and fine mode clusters) is identified with an extinction to backscatter ratio of 65
steradians [Omar et al., 2009; Winker et al., 2009]. The CALIPSO cloud aerosol discrimination algorithm was
used to determine the certainty of identified cloud or aerosol with high accuracy [Liu et al., 2009]. The
minimum aerosol optical depth (AOD) threshold of CALIOP in the troposphere is about 0.02–0.04
[Kacenelenbogen et al., 2011].

To identify the frequency of storms during the NAMMA time period and region, a cloud product suite based
on the Pathfinder Atmospheres Extended (PATMOS-x) algorithmwas used. This data set consists of cloud and
aerosol properties derived from EUMETSAT’s Meteosat Second Generation (MSG) satellite that provides cov-
erage of the NAMMA region from geostationary orbit. The PATMOS-x algorithm has been previously used for
AVHRR polar orbiting satellites, while the data used here employ the same algorithm but for the MSG satel-
lites. Cloud data are collected using the Spinning Enhanced Visible and Infrared Imager [Schmetz et al., 2002;
Sun et al., 2015]. MSG supplies significantly enhanced cloud detection and property retrievals from 12 spectral
channels [Schmetz et al., 2002]. PATMOS-x employs a naïve Bayesian cloud mask algorithm to detect clouds
using observed radiances at 1 km resolution and subsamples the results to create an hourly 0.1° × 0.1° resolu-
tion grid [Heidinger et al., 2012, 2013; Sun et al., 2015].

3. Results
3.1. Dry Aerosol Properties: Background Versus Precloud Edge

Figures 2a and 2b show box plots for aerosol scattering coefficient at 0.55 μm and particle concentration
>0.003 μm, respectively, for far-field background samples versus the precloud edge samples. For each type
of sample, the horizontal black line is the median, the colored box region extends from the lower quartile to
the upper quartile of the samples, and the vertical lines include all samples not considered outliers, as defined
in the legend. “PCE-All” samples include all 32 precloud edges identified, while “PCE-Dust” samples are the
subset of 8 of these identified as having a dust layer below the anvil cloud.

The background samples have a very low scattering coefficient, with the median of 0.2 Mm�1, which is
near the noise level of the nephelometer of about 0.11 Mm�1 at 0.55 μm for a 5 min averaging period
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[Müller et al., 2011]. Scattering at precloud edges is about 30 times higher than background. While this seems
a large increase, the median scattering coefficient for the PCEs (~6 Mm�1) is still lower than monthly mean
aerosol scattering coefficients in clean marine boundary layer air of 10–30 Mm�1 [Vaishya et al., 2011]. The
precloud edges of clouds with likely dust influence (PCE-Dust) scatter slightly more light than the PCE
population as a whole. Figure 2b shows statistics for particle number concentration >0.003 μm, which is
dominated by ultrafine particles. These also increase near cloud edges in the median, but there is a wide
range of variability in both the background and PCE samples. Very large values of >5000 cm�3 are likely a
result of new particles formed in the cold upper troposphere [Brock et al., 1995; Heintzenberg et al., 2011]
from gaseous aerosol precursors lofted by convection [Twohy et al., 2002].

Figure 2c shows the concentration of larger particles>0.3 μmmeasured by the OPC for the different sample
types. There is little difference in themedian values of the background green box and the blue box represent-
ing all PCE samples. However, precloud edges have a much greater range, with a larger upper quartile and
several outliers extending to about 7 times the median value. The brown box shows that these outliers are
primarily from the dust-influenced cases, where there is about a factor of 4 increase of the median concen-
tration relative to background. For particles >0.7 μm (Figure 2d), there is about a factor of 2 increase in the
median values for all cloud PCEs (with high outliers) and about a factor of 8 increase for the PCEs with dust
below. Thus, dust-influenced storms have substantially more large particles surrounding their anvil edges
than are found in both far-field background and the larger population of anvil edges. In addition, the two
dust-influenced cases with the greatest enhancements in large particle concentrations near cloud edges

Figure 2. (a) Box plot of aerosol scattering coefficient statistics for background samples (left) versus all precloud edge (PCE)
samples (middle) and those for the PCE dust cases (right). Horizontal black line is the median, the colored box region
extends from the lower quartile to the upper quartile of the samples, and the vertical lines include all samples not con-
sidered outliers. Outliers are defined as points whose values are outside the upper quartile plus 1.5 times the interquartile
distance or the lower quartile minus 1.5 times the interquartile distance and are plotted as circles. (b–d) Same as Figure 2a
but for particle concentration >0.003 μm, >0.3 μm, and >0.7 μm diameter, respectively.
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were the two strongest storms sampled during NAMMA: Tropical Storm Debby (23 August 2006) and Tropical
Depression 8 (12 September 2006) that later became Hurricane Helene. The other storm cases sampled
remained as easterly waves, convective troughs that did not develop to named tropical cyclone strength.

Whether the differences between background and PCE aerosol properties are statistically different has been
assessed using a two-tailed t test with a significance level of 0.01. T values comparing all aerosol properties
shown in Figure 2 are included in Table 1 except for particle concentration>0.003 μm, since its sample values
were bimodal, rather than normally distributed. For aerosol scattering coefficient, for particle number con-
centration >0.3 μm and for particle number concentration >0.7 μm, the t value for the observations, tobs,
is greater than the critical t value, tcrit. Thus, aerosol properties at the precloud edges are statistically different
from the background aerosol properties far from cloud. This applies for the set of all PCEs, as well as for the
subset of cases influenced by dust, which exhibit even greater differences between tobs and tcrit.

3.2. Extent of Aerosol Enhancement Near the Cloud Boundary

To examine the extent of the aerosol-enhanced region between cloudy and background air, Figures 3a–3d
show the changes in aerosol properties as a function of horizontal distance from the cloud edge. To reduce
noise, 5 s data were averaged over 20 s intervals, corresponding to approximately 4 km in distance at the air-
craft speed. Only the eight cases with dust below, which exhibited the greatest aerosol enhancements, are
shown. Aerosol scattering and the concentration of particles >0.3 μm and >0.7 μm all drop off rapidly to
background levels ~10–15 km from the cloud edge. However, ultrafine particle concentration (Figure 2b)
shows no increase near cloud edges with dust below. This suggests that these anvils are not directly releasing
very small particles and that new particle production near clouds may be inhibited in the dust cases. This may
be because of the higher aerosol surface area in the outflow region. Under these circumstances, aerosol pre-
cursors may condense on existing particles rather than forming new embryos [Clarke et al., 1999] or form
them farther away from cloud boundaries.

Of more importance to this investigation, the completely different behavior between aerosol scattering and
ultrafine particle concentration (Figures 3a versus 3b) indicates that larger particles, with their high cross-
sectional area, are responsible for most of the increase in scattering in dust-influenced anvil outflow

Table 1. Statistics and Null Hypothesis Test of Difference Between Background (BG) and Precloud Edge (PCE)
Aerosol Propertiesa

Parameter Medb Meanc x nd df e σf tobs
g tcrit

h Reject?i

BG Scatt 0.2 0.21 61 60 0.17 - - -
BG N > 0.3 μm 0.12 0.12 61 60 0.071 - - -
BG N > 0.7 μm 0.0044 0.0052 61 60 0.0039 - - -
PCE-All Scatt 6.5 12.6 32 31 18.8 - - -
PCE-All N > 0.3 μm 0.12 0.21 32 31 0.21 - - -
PCE-All N > 0.7 μm 0.01 0.019 32 31 0.023 - - -
PCE-Dust Scatt 9.7 9.9 8 7 7.8 - - -
PCE-Dust N > 0.3 μm 0.4 0.41 8 7 0.25 - - -
PCE-Dust N > 0.7 μm 0.034 0.038 8 7 0.026 - - -
Scatt: BG versus PCE-All - - 39 89 - 5.17 2.63 Yes
Scatt: BG versus PCE-Dust - - 27 65 - 10.2 2.65 Yes
N > 0.3 μm: BG versus PCE-All - - 39 89 - 3.04 2.63 Yes
N > 0.3 μm: BG versus PCE-Dust - - 21 65 - 7.34 2.65 Yes
N > 0.7 μm: BG versus PCE-All - - 18 89 - 4.58 2.63 Yes
N > 0.7 μm: BG versus PCE-Dust - - 15 65 - 9.50 2.65 Yes

aParameter description: Scatt = dry aerosol scattering coefficient, N > 0.3 μm = dry particle number concentration
larger than 0.3 μm, N > 0.7 μm = dry particle number concentration larger than 0.7 μm.

bMedian of all samples from the appropriate group: background or precloud edge.
cMean of all samples from the appropriate group: background or precloud edge.
dNumber of samples in each group.
eDegrees of freedom.
fσ = sample standard deviation.
gObserved t value = xPCE � xBGð Þ=sx PCE�x BG , where the numerator is the difference in sample means and the

denominator is the estimated standard error of the difference.
hCritical t value at significance level of 0.01, from statistical tables.
iIf tobs > tcrit, null hypothesis may be rejected and differences are considered significant.
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regions. The enhancement in concentration of >0.3 μm and >0.7 μm particles shows a similar, rapid decay
pattern that mimics the scattering enhancement out to about ~10–15 km from the cloud edges. While
aerosol scattering is often dominated by particles smaller than 0.3 μm, this is not the case if sufficient
larger particles are present. For example, Kleefeld et al. [2002] showed that aerosol scattering is usually
dominated by coarse mode sea salt in the clean marine boundary layer.

The data show that this region of enhanced particles is confined fairly close to the storm, at least for the
storms sampled during NAMMA, which were in the developing to mature stages. Interestingly, this distance
of 10–15 km is similar to the width of the halos or transition zones observed in the satellite studies described
earlier. However, unlike the satellite studies, the aerosol scattering properties presented here were measured
inside the aircraft cabin after particles were dried. Given this and the in situ techniques used, the increase
near cloud edgesmeasured in this study cannot be attributed to hygroscopic growth, 3-D cloud effects, cloud
contamination, or new particle production. For a more precise description of the cloud-to-aerosol transition
zone measured in this study, we define the new phrase “aerosol enhancement zone” (AEZ).

A thin AEZ also can be seen in the LASE aerosol scattering ratio, as shown in Figure 4 when the aircraft
ascended through the base of the anvil into the main storm on 12 Sept 2006. The anvil cloud itself is imaged
as white, where the lidar beam is scattered by ice crystals at ASRs larger than about 30 at high altitudes [Ismail
et al., 2010]. The vertical thickness of the AEZ as measured by the lidar is about 0.25 km. Assuming a typical
maximum anvil depth of 4 km and radius of 200 km for the NAMMA storm anvils, this zone corresponds to
13 km in horizontal extent when the aircraft transits the sloped anvil base. This value is comparable with
the 10–15 km horizontal extent of the AEZ measured in situ (Figure 3). This suggests that the lidar is seeing
the same AEZ at the precloud edge as detected with the in situ measurements, which we explore further

Figure 3. (a) Aerosol scattering coefficient versus distance from the cloud edge for dust cases. (b–d) Same as Figure 3a but
for particle number concentration > 0.003 μm, >0.3 μm, and >0.7 μm diameter, respectively.
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below. In addition, ice crystal number concentration in tropical anvils is dominated by irregularly shaped
particles with mode maximum dimension 200–300 μm [Lawson et al., 2010]. Falling columnar crystals
with a maximum dimension <250–400 μm will sublimate within 200 m at 50% relative humidity and
228 K–240 K [Hall and Pruppacher, 1976]. This suggests that the AEZ is primarily a region where ice crystals
near the anvil base have sublimated, leaving behind a narrow zone of residual aerosol particles.

The red to yellow values measured by the lidar at the lower border of the anvil have aerosol scattering ratios
values ~10 (closest to the cloud edge) to about 0.5 (farther from it). Assuming the molecular backscatter is
0.1 Mm sr�1 at 10 km altitude, this would correspond to aerosol backscatter coefficients of about
1 Mm sr�1 to 0.05 Mm sr�1. Using an extinction to backscatter ratio (lidar ratio) of 40 for Saharan dust
[Chen et al., 2011], this yields extinction coefficients at 0.815 μm of ~40 Mm�1 to 2 Mm�1 in the AEZ. Since
extinction coefficients in NAMMA dust layers were relatively wavelength-independent between 0.45 μm
and 0.82 μm [Ismail et al., 2010] and 97% of the light extinction by Saharan dust is due to scattering rather
than absorption [Chen et al., 2011], we can compare lidar-derived extinction coefficients of 40 to 2 Mm�1

at 0.815 μm to in situ aerosol scattering coefficients at 0.55 μm. Corresponding dry aerosol scattering
coefficients measured by the nephelometer for the 12 September AEZ ranged from about 25 to 5 Mm�1

(Figure 3a). Thus, despite the instrumental differences and uncertainties, measured extinction properties in
the AEZ are remarkably similar for the lidar and nephelometer. Contributing to this agreement between
the dried in situ measurements and the ambient lidar measurements are the low median relative humidities
in the AEZ, with RHice values of 63–70% (<50% RH with respect to liquid water), and the relatively low hygro-
scopicity of Saharan dust [Koehler et al., 2009; Denjean et al., 2015].

The AEZs sampled during NAMMA are geometrically unique from cloud transition zones measured by
satellite, which look down at the perimeter of clouds from above [e.g., Li et al., 2014]. Instead, the aircraft-
measured NAMMA AEZs occur near the bases of storm anvils, where ice crystals are mixing with dry air
and sublimating, releasing their residual aerosol particles back to the atmosphere. These aerosols, being large
and having been previously processed by ice particles, potentially become new ice nuclei for clouds formed
subsequently. Ice crystal size distributions just within the anvil base were peaked toward smaller crystal sizes
and are lower in number concentration than deeper within the cloud, consistent with a region of mixing with

Figure 4. Cross section of aerosol scattering ratio from the LASE lidar during 12 September 2006 flight through the anvil of the storm that became Hurricane Helene.
The aircraft track is the dotted white line in the center of the horizontal black zone (the region where the laser beam and telescope field of view are not fully
overlapped). Note the thick SAL layer at low altitudes, as well as the ~0.25 km thick zone of intermediate red to yellow scattering ratios at the base of the anvil, which
is expanded at the top right. The simplified schematic at middle right (not to scale) shows how the horizontal extent of the enhanced scattering zone as transited by
the aircraft is much greater than the vertical extent as measured by the lidar.
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environmental air and sublimation
at anvil base. Also, in keeping with
a mixing/sublimation zone were
the median relative humidities
with respect to ice of 70% and
63%, respectively, for all and for
dusty AEZs, versus 34% for the
far-field background samples.

3.3. Size Distributions

For two different cloud systems
with dust influence, aerosol size
distributions in the AEZ versus
those for background samples on
the same flight are shown in
Figures 5a and 5b. The first case is
for Tropical Storm Debby, while
the second is for an easterly wave
sampled on 8 September that
never developed into a tropical
cyclone. For TS Debby, data from
an ultra-high-resolution-aerosol-
spectrometer (UHSAS) is included
to provide data down to smaller
sizes. (Since this instrument was
experimental and malfunctioned
early on, it was not able to be used
for the broader statistical analysis
given above.) The size distributions
verify that substantial enhance-
ment occurs for particles larger
than 0.3 μm in the outflow regions
of clouds influenced by dust.
Figures 5c and 5d show the con-
centration ratios in the AEZ versus
background as a function of size.
The ratios are greatest for the lar-
gest particles, with enhancements
of 10–60 for supermicron particles,
consistent with the generally large
size of dust aerosol particles [Chen
et al., 2011].

3.4. Satellite Measurements of
Lofted Dust Layers

CALIOP satellite data were used to
determine the frequency of occur-
rence of dust layers at different
altitudes during the NAMMA
project time period and region
(August–September 2006, 5°N–
22°N, 10°W–35°W). Figure 6 shows
the frequency of lofted dust layers
at each height where “lofted”

Figure 5. Dry particle size distributions in background air and at anvil
precloud edge for two different storm cases. (a) Tropical Storm Debby,
including data from for smaller particles from the UHSAS instrument and
(b) easterly wave sampled on 8 September 2006. (c and d) The ratio of PCE to
background number concentration in each size range.

Figure 6. Frequency of occurrence of lofted dust layers detected by the
CALIOP lidar for the NAMMA region (5 N–22 N, 10 W–35 W) and time per-
iod (August–September 2006). The black line represents all layers that are
lofted regardless of the thickness of the layer beneath, while the red line
indicates where the lower layer had aerosol optical depths >0.1. Both “dust”
and “polluted dust” as described in section 2 are included.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD026933

TWOHY ET AL. LOFTING OF DUST BY TROPICAL CONVECTION 8841



means there is a gap between the aerosol layer and either the aerosol layer beneath it or the surface. The
large peak at 2–6 km is the SAL itself, while the inset shows a small but significant secondary peak at
8 km to 11 km. Since this is the same altitude as the measured AEZ, this secondary peak likely represents
dust particles lofted by convection that remain in the upper troposphere when the anvils dissipate.
The black line represents all layers that are lofted regardless of the thickness of the layer beneath, while
the red line indicates where the lower layer had aerosol optical depths greater than 0.1, presumably the
SAL. Since the red line is almost coincident with the black one, this indicates that most of the detected
lofted layers occurred when the SAL was present below. Note that the opposite is not true—i.e., the
SAL can exist without upper level layers, since the frequency of 8–11 km layers is much lower than the
frequency of the 2–6 km layers. This is because vast areas of the Atlantic can be covered by the SAL
without convection being present. In addition, CALIOP may fail to detect layers with AOD below about
0.02–0.04 in the troposphere [Kacenelenbogen et al., 2011].

Another interesting feature of Figure 6 is that there are no lofted layers at heights between about 11 and
15 km. While tropical anvil tops could not be reached with the DC-8, NAMMA anvils often extended to these
altitudes. Thus, the satellite data support the idea that the AEZ is primarily a phenomenon that occurs near
the base of the anvils. We hypothesize the following possible scenario for this. Ice nucleating particles
(INP) will preferentially act as heterogeneous INP earlier, at relatively warmer, lower levels in convective
updrafts. Other aerosol particle types such as salts and sulfates are most likely to act as homogeneous INP
at colder, higher temperatures, as chemical studies of residual ice crystals have shown [DeMott et al., 2003;
Twohy and Poellot, 2005; Cziczo et al., 2013]. Ice crystals nucleating on dust therefore would have more time
to grow by depositional growth and aggregation and would tend to be larger and more likely to sediment
toward the base of the anvil, eventually sublimating. Lawson et al. [2010] found that large ice crystals were
more prevalent at the lower anvil flight levels in active storms.

4. Dust Particles in the Upper Troposphere and Implications for Ice Nucleation in
Downstream Clouds
4.1. Dust Concentrations in the Upper Troposphere

These in situ data are important because they measure dry particle concentration and size directly. Thus,
aerosol growth and optical effects that influence satellite studies based on aerosol scattering are avoided.
The in situ data demonstrate that increases in aerosol scattering around tropical storm anvils are primarily
due to an increase in number concentration of larger, accumulation and coarse mode particles, which dom-
inate particle cross-sectional area and scattering. Storm cases with the SAL layer beneath show the greatest
increases in particles >0.3 μm and >0.7 μm. Using median values, number concentrations of particles
>0.3 μm in the AEZ are about 400 l�1 for clouds influenced by dust. This is consistent with average
NAMMA tropical anvil ice concentrations of ~114–630 l�1 [Lawson et al., 2010] measured using methods that
minimize ice crystal shattering [Jensen et al., 2009; Lawson, 2011]. In addition, anvil residual ice crystal concentra-
tions (>0.1 μm diameter) of 140–660 l�1 were measured during NAMMA [Twohy, 2015]. This gives further sup-
port to the hypothesis that these large particles in the AEZ are primarily residual particles from sublimated ice
crystals. Given that the SAL is dominated by dust particles of these sizes [Chen et al., 2011], the prevalence of
Saharan dust in tropical anvils in the region [Twohy, 2015], the greater enhancement of large particles in AEZs
with dust below, and the CALIOP data showing dust layers occur at the same altitudes, it is reasonable to assume
that the large particles measured in the AEZ are composed primarily of Saharan dust. Midlatitude continental
convection was also shown to be an important source of dust to the upper troposphere [Corr et al., 2016].

As discussed in section 3.2, the mode size of ice crystals in NAMMA anvils was 200–300 μm [Lawson et al.,
2010], sizes which will sublimate within about 200 m under conditions in the AEZ [Hall and Pruppacher,
1976]. Even much larger crystals with maximum dimension of 800 μm are only expected to survive for about
1.5 km before sublimating [Hall and Pruppacher, 1976]. In addition, the settling velocity of a 1 μmdust particle
is only ~0.12 mm s�1. Particles ≤1 μm that dominate the number concentration in the AEZ will fall less than
100 m in the typical 6 day residence time over the Atlantic (see below). Therefore, dust particles in this size
range lofted by deep convection should remain in the upper troposphere for long periods, at least until they
are scavenged in subsequent cloud events.
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Figure 7. HYSPLIT forward trajectories of air sampled at anvil edges during eight NAMMA storm cases with dust below,
originating over the eastern Atlantic at the locations marked with a black X, and originating at the altitude marked with
a red X. The Global Data Assimilation System (GDAS) data set was used.
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The path of the lower-level SAL is generally westward during hurricane season, with the remnants of the SAL
reaching the Caribbean, North America, or the eastern tropical Pacific [Huang et al., 2010; Su and Toon, 2011].
However, Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) forward trajectories for the eight
dusty AEZs (Figure 7) indicate that upper tropospheric air originating over the eastern Atlantic can undergo a
wide variety of paths in the capricious tropical upper level wind regime. Half the trajectories reach South
America or the Caribbean within 10 days, while two end up over Africa. Two are caught in the tropical
Azores high and remain primarily over the Atlantic. All except one are predicted to remain above 9 km in
the upper troposphere for the entire 10 day period. Five of the eight even ascend up to about 13 km at some
point, possibly under the influence of convective motions. On average, outflow air remains over the Atlantic
Ocean for about 6 days.

A median concentration of 400 l�1 is only 0.4% of the typical concentration of about 90 cm�3 particles in the
same size range (>0.3 μm) in the SAL itself [Chen et al., 2011]. Thus, the number concentration of large par-
ticles lofted by convection has negligible influence on the particle population in the SAL itself, consistent with
observations [Twohy, 2015] and modeling studies [Herbener et al., 2016]. This relatively low concentration of
dust reaching anvil levels may be due to the ability of Saharan dust particles to act as cloud condensation
nuclei as well as ice nucleating particles [Twohy et al., 2009b]. Nucleation and coalescence scavenging in dro-
plets and subsequent evaporation and/or wet deposition to the ocean surface therefore likely explain the
relatively small percentage of available dust that actually reaches the upper troposphere [Twohy et al.,
2012; Herbener et al., 2016]. While small in terms of the SAL itself, this particle concentration of ~400 l�1 in
the AEZ at 8–12 km is, however, significantly higher than the background concentration of 100 l�1 in the
same size range in the upper troposphere. This may have important implications for ice nucleation in the
upper troposphere, as discussed below.

4.2. Estimate of Ice Nucleating Particles From Cloud Outflow

The potential concentration of heterogeneous INP in anvil AEZs was estimated first from the median concen-
tration of particles >0.3 μm in the dust-influenced AEZs and an INP parameterization based on immersion
freezing measurements of mineral dust particles, including Saharan dust [DeMott et al., 2015]. That parame-
terization uses the number concentration of particles >0.5 μm. Within the SAL itself, concentrations in this
size range are about 75% of the number concentration> 0.3 μm [Chen et al., 2011], a difference that is taken
into account in our calculations. Also, an INP calibration factor of 3 was used, as recommended inDeMott et al.
[2015]. At the coldest temperatures measured in the DeMott et al. [2015] work of 238 K, these assumptions
yield about 80 l�1 potential immersion INP in the AEZ. (Note that concentrations quoted here are given at
typical ambient sampling conditions of 238 K and 260 mb for comparison with ice crystal concentrations,
while the DeMott et al. parameterization is formulated in units of standard temperature and pressure
(STP). Relative to our conditions, STP concentrations are higher by a factor of 3.3.)

If we assume that the background particle concentration of ~100 l�1 in the same size range is also primarily
Saharan dust, then immersion INP in the background air would be about 20 l�1 at 238 K. Using amore general
INP parameterization based on a broad distribution of particle types [DeMott et al., 2010], the background INP
concentration would only be about 1 l�1. Thus, the dust-influenced AEZ should be enhanced in immersion
freezing INP at 238 K relative to the background upper troposphere by a factor ranging from about 4 to 80.

Immersion freezing could be important in subsiding air masses that are later incorporated intomidlevel cloud
systems, but of more relevance to cirrus formation in the upper troposphere downstream of the AEZs would
be nucleation of ice by water vapor deposition. Desert dust can be efficient deposition INP [Möhler et al.,
2006], particularly at high humidities possible in cloud outflow regions. To convert particle concentrations
in the AEZ to potential ice crystal concentrations formed via deposition nucleation, laboratory data from
the Aerosol Interaction and Dynamics in the Atmosphere chamber were used [Ullrich et al., 2017]. That work
utilizes the ice nucleation active surface-site density (INAS) concept, which includes effects of particle surface
area as well as environmental conditions. INAS density values between 7.6 × 109 and 3.2 × 1011 m�2 were
obtained for deposition on Saharan dust (R. Ullrich, personal communication, 2017) under conditions from
220 K < T < 243 K and 1.12 < Si < 1.42. This encompasses the median AEZ sampling temperature of
234 K and the coldest AEZ sampling temperature of 225 K, as well as slightly colder temperatures possible
downstream due to trajectory ascent (Figure 7). Regarding plausible Si values, Krämer et al. [2009] used a
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rigorously controlled database measured within cirrus clouds in the upper troposphere and found that
clouds were often supersaturated with respect to ice, with Sis occasionally as high as 1.5 (near the homoge-
neous freezing threshold). Presumably, the higher supersaturations occur in young, developing cirrus
[Kärcher and Lohmann, 2002] and are more likely to represent the initial conditions leading to ice formation
on ice nucleating particles.

To obtain typical dust aerosol surface area in the AEZ, the NAMMA 8 September 2006 case was used because
it had a >0.3 μm particle concentration of ~400 l�1, the same as the median value for all dust-influenced
cases in Figure 2c. The total surface area of dry particles>0.3 μmmeasured closest to the cloud edge for that
case was 1.2 μm2 m�3. Using the statistics of Twohy [2015], we conservatively assumed that half of the
particle concentration >0.3 μm and thus half of the aerosol surface area was composed of Saharan dust
for the INAS calculations. Combining this with the high and low INAS given above, predicted ice crystal
concentrations that could form via deposition on AEZ dust particles range from 5 to 192 l�1 for the median
dust-influenced case (for conditions of 220 K < T < 243 K and 1.12 < Si < 1.42).

This is very near the range of ice crystal number concentrations in isolated tropical cirrus clouds not asso-
ciated with deep convection of 37–198 l�1 [Lawson et al., 2010] at temperatures between 239 K and 215 K.
Ice concentrations approximately twice as high as the median values would be possible downstream of
tropical cyclones impacted by dust (Figure 2c). In addition, the >0.3 μm aerosol surface area for the median
AEZ case is about 12 times the aerosol surface area for the median background case, far removed from the
convection. These estimates suggest that dust particles lofted by convection are important contributors to
the heterogeneous INP concentration in the upper troposphere and can compete with homogeneous
nucleation at cold temperatures. This is consistent with the data of Cziczo et al. [2013], who found that most
cirrus residual particles were composed of mineral dust and metallic compounds.

Most laboratory studies indicate that internal mixtures or “coatings” of mineral dust with nondust com-
pounds can increase the saturation ratio required for deposition nucleation of ice, e.g., Cziczo et al. [2009].
These studies are summarized in Hoose and Möhler [2012], who state that “Intercomparison between differ-
ent experiments is difficult because various coatingmethods have been applied.” Nevertheless, their Figure 9
can be used to estimate a median increase in water saturation ratio of 0.11 required to nucleate ice on coated
versus uncoated dust (usually Arizona test dust). This is equivalent to a required increase in ice saturation
ratio of about 0.16 at 234 K. Interestingly, Cziczo et al. [2013] found that ~90% of the mineral dust andmetallic
residuals from a widespread sampling of cirrus ice contained no apparent sulfate or organic coating. As dis-
cussed in Twohy [2015], 80% of NAMMA cirrus dust residuals also had no detectable coatings, possibly due to
their rapid upward transport in deep convection. These results suggest that most of the dust residuals in the
AEZ and later, released from evaporating ice crystals in decaying anvils, should have deposition INP efficien-
cies similar to uncoated desert dust.

The calculations given above indicate that convective storms interacting with the SAL can produce a
significant source of ice nucleating particles to the upper troposphere. In decaying cloud systems, all ice
crystals in the anvil will eventually sublimate, leaving an aura of nonvolatile, residual dust particles at
and downwind of the anvil location. Many of these are expected to be ice nucleating particles that may
enhance heterogeneous ice formation when conditions are favorable for cloud formation in the same
region or downstream. This process is hypothesized in Figure 8. Lofting of dust by convection could even
result in cloud/aerosol/cloud feedbacks—where increases in cloudiness increase upper tropospheric INP
concentrations, which then may change subsequent high cloud cover and the atmospheric temperature
profile. Figure 8b includes also the concept of convective invigoration of cloud updrafts [e.g., Koren et al.,
2005] due to SAL-enhanced CCN. However, because background CCN concentrations in the lower tropo-
sphere are much greater than background INP concentrations in the upper troposphere, the convective
lofting of INP by storms could be significant even if dust concentrations are too low to significantly
enhance CCN and storm dynamics.

4.3. Regional Cloud Frequency, Annual Convective Lofting, and Impact on Background
Aerosol Concentrations

Landsea et al. [2009] showed that the number of named Atlantic tropical cyclones (those with maximum sus-
tained surface winds over 33 nm h�1) is currently about 12 per year. NOAA Hurricane Research Division
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reports that the annual number of African easterly waves is about 60. NAMMA measurements included two
tropical cyclones, Tropical Storm Debby on 23 August 2006 and pre-Hurricane Helene on 12 September 2006.
The other easterly waves sampled remained below the tropical cyclone threshold, but most still exhibited
enhanced particle concentrations at the PCE (Figure 3).

The aircraft measurements did not, however, include impacts of isolated shallow and deep convection,
more organized tropical systems like squall lines, or the convection embedded within the Intertropical
Convergence Zone. To investigate the potential importance of other cloud types, the frequency of occur-
rence of different sizes of deep convective systems observed in the NAMMA region was determined from
collocated CALIOP and PATMOS-x data. Using a nearest-neighbor approach, areal footprints with progres-
sively larger radii were created from the data set by averaging an increasing number of pixels around each
CALIOP field of view. Convection was then identified in these 13 areal footprints whenever both the mean
cloud optical depth exceeded 5 and the mean cloud top temperature was less than 225 K. The size of the
convective system associated with each CALIOP field of view was defined as the largest footprint for which
both criteria were met. Convection was then identified for all remaining hourly observation times before
and after the initial CALIPSO overpass to provide insights into the time evolution of the cloud field around
the overpass for a full 24 h period. Cloud frequency of occurrence for each storm size was defined as the
number of cloud pixels satisfying these criteria relative to the number of pixels in the NAMMA areal
domain (5 N–22 N, 10 W–35 W). To estimate how often convection interacted with the SAL, a third screen-
ing was used based on the column dust optical depth beneath the identified convection. Chen et al. [2011]
found that 90% of NAMMA SAL layers had a median aerosol scattering coefficient greater than 66 Mm�1

at 532 nm. Assuming a SAL depth of 4 km (and neglecting extinction due to aerosol absorption which is
only a few percent of scattering), this yields an AOD of 0.26. Thus, 0.25 was used as the CALIPSO lidar
threshold for the optical depth of the SAL itself in this exercise. Since the lidar becomes fully attenuated
in thick clouds, the dust optical depth layer was interpolated to fill in areas where clouds were present.

Figure 8. Schematic illustrating important changes that can occur from (a) unperturbed marine clouds when (b) the
SAL with its dust aerosol (orange symbols) is present. Additional CCN form smaller droplets (smaller round blue symbols)
that can reduce the amount of warm rain (larger round blue symbols). Smaller drops are lofted to colder temperatures
where they freeze heterogeneously on dust INP, form ice (blue irregular symbols) and grow. This freezing of water drops and
deposition of water vapor produces additional latent heat that can invigorate and deepen the storm. Dry air and wind shear
from the SAL inhibit further development and eventually the storm dissipates. (c) Ice particles in the anvil sublimate,
leaving enhanced dust INP over a wide region in the (d) upper troposphere. These increased INP have the potential to
change the microphysical properties of (e) downstream cirrus clouds.
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Cloud frequency statistics were generated for the NAMMA flight period of August/September 2006, as well
as for the full year of 2008. (The full year of 2006 could not be used since CALIOP data were not available
until the middle of 2006.)

Figure 9 shows the resulting cloud frequency of occurrence (green line) and frequency-weighted cloud cross-
sectional area (purple line) as a function of cloud horizontal radius for the NAMMA region. Figure 9a includes
August/September 2006 and Figure 9b includes the entire year of 2008. As might be expected, smaller, more
isolated systems occur with greater frequency, but larger, more organized storms have greater areal
coverage. The blue area includes the approximate anvil sizes of easterly waves and tropical cyclones sampled
during NAMMA. These storm sizes account for about half of the high-cloud areal coverage in the eastern
Atlantic region during both time periods. Clouds of all sizes frequently have a SAL layer beneath (orange line),
on average 71% of the time for clouds during August/September 2006 and 56% of the time for 2008.

These satellite-generated statistics for storms in the vicinity of the SAL were used to generate order-of-
magnitude estimates of the number of >0.3 μm particles and dust mass lofted by convection throughout
the year, as well as its impact on background concentrations in the upper troposphere. Several assumptions
are made from the available data. First, we assume that the concentrations of residual particles that are left in
the upper troposphere throughout the dissipated anvil region are similar to concentrations measured in
NAMMA AEZs. Utilizing data from these precloud edge regions is a conservative approach, since concentra-
tions of ice and dust nearer the storm center tend to be higher than what we measured near the edges
[Lawson et al., 2010; Twohy, 2015]. Second, a simplified anvil geometry is used, assuming a round horizontal
shape and that a triangular vertical cross sections with an acute peripheral angle of 1.1°. This geometry is
based on examination of visible satellite images of the 6 NAMMA dust-influenced storms from the time of
sampling, as well as lidar images throughout the project. Third, we assume that half of the 400 l�1 particles
released by anvils are composed of mineral dust, based on chemical composition of NAMMA anvil ice

Figure 9. Size and frequency of high clouds for the NAMMA region (5 N–22 N, 10 W–35 W) as determined from PATMOS-x
data as described in the text for the August/September 2006 time period (left) and for all of 2008 (right). Frequency for all
clouds is shown in green, for clouds with SAL layers beneath in brown, and cloud cross-sectional area weighted by total
high cloud area in purple. The blue-shaded regions cover the approximate sizes of dust-influenced anvils of easterly waves
and tropical cyclones that were sampled by the aircraft during the NAMMA project.

Table 2. Estimated Particles Lofted by Convection in NAMMA Region

# Particles > 0.3 μm Diameter Dust Massa

Lofted entire year 1.2 × 1023 0.013 Tg
Diluted concentrationb 68 l�1 0.78 × 10�6 μg l�1

aAssumes 50% of particles are dust and 2.3 × 10�7 μg dust per particle.
bAssumes a residence time of 2 days, uniformly distributed throughout the NAMMA upper tropospheric region in a

layer 3 km deep.
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residuals as measured by Twohy [2015]. Finally, as a rough approximation for how background particle con-
centrations in the upper troposphere may be impacted by these storms, we assumed a residence time of
2 days for anvil-produced particles within the NAMMA region. This is based on the HYSPLIT trajectories’mean
residence time of 6 days over the tropical north Atlantic and the NAMMA region covering approximately the
eastern third of it.

Table 2 shows the results of this exercise, based on the 2008 cloud frequency data. Throughout the year,
about 1023 particles >0.3 μm are predicted to be lofted into the NAMMA region by storms, with about half
of them expected to be Saharan dust. With an average of ~2.3 × 10�7 μg dust/particle in NAMMA anvils
[Twohy, 2015], about 0.01 Tg of dust is lofted from the NAMMA region throughout the year. This is a minute
amount relative to the 182 Tg of dust leaving the coast of Africa annually [Yu et al., 2015] and will have little
direct impact on the SAL itself. However, because the upper troposphere is deficient in large particles relative
to the lower troposphere [Delene and Deshler, 2001; Clarke and Kapustin, 2002], this injection of dust particles
may impact the background tropospheric concentration of large particles and INP, changing the microphy-
sical and radiative properties of upper level clouds downstream.

The last row of Table 2 shows the result of uniformly distributing particles lofted by convective cloud
throughout the NAMMA upper tropospheric region in a layer 3 km deep, assuming a 2 day residence time
in the region. Interestingly, the predicted>0.3 μm particle concentration of 68 l�1 using this technique, with
all its uncertainties, is very similar to the median background concentration of ~100 l�1 measured during
NAMMA (Figure 2c). These results predict that convective lofting is a significant source of dust aerosol and,
consequently, heterogeneous INP in the upper troposphere over the tropical Atlantic. Studies in progress
using satellite data to identify and quantify dust layers in the upper troposphere, before and after the passage
of convective systems, also corroborate this effect.

These simple calculations assume complete mixing, uniformly averaged over the whole region, while the
extent to which particle plumes from anvil remnants may remain coherent is unknown. A low ozone layer
lofted by Pacific convection was observed in the upper troposphere 3–5 days from its genesis by
Minschwaner et al. [2015], and there are certainly indications that Saharan dust influences ice nucleation
far from its source. For example, DeMott et al. [2003], Sassen [2003], and Creamean et al. [2013] presented
evidence that Saharan dust could act as INP in the midtroposphere over the United States. Additionally,
ice residual particles in the upper troposphere over the western Atlantic and eastern Pacific Oceans were
dominated by mineral dust and metallic particles, even in marine air masses [Cziczo et al., 2013], with similar
compositional percentages measured in anvil ice residuals over the eastern Atlantic [Twohy, 2015].

5. Discussion

The in situ measurements presented here are consistent with cloud resolving model (CRM) simulations that
show small amounts of dust are transported to the upper troposphere by tropical cyclones, with larger
amounts removed to the ocean surface [Herbener et al., 2016]. They are also consistent with CALIOP satellite
investigations that detect upper level dust layers in the vicinity of storms that interact with the SAL (our
Figure 6 and Sauter et al., 2016]). Number concentrations of particles released to the upper troposphere dur-
ing NAMMA are smaller than those found around polluted convective storms at midlevels by Engström et al.
[2008] but may still be significant for ice formation downstream. In the future, sophisticated CRM simulations
using Regional Atmospheric Modeling System [Cotton et al., 2003; Saleeby and van den Heever, 2013] that can
track aerosol particles through clouds and regenerate them to the atmosphere will be run for longer time
periods to assess potential impacts of convectively lofted INP on downstream cirrus.

There are many uncertainties in how the convective transport of dust will impact climate going forward. Over
the past 50 years, dust loadings and transport over the Atlantic have varied in ways that are not fully under-
stood [Prospero and Mayol-Bracero, 2013]. Additionally, observations indicate that there has been an uptick in
tropical cyclones [Landsea et al., 2009] and organized deep convection in recent years that is not predicted by
global climate models [Tan et al., 2015]. Thus, dust and INP transport to the upper troposphere (and to the
ocean surface) may be increasing. If so, net climate impacts are still unclear, since cirrus clouds can either
warm or cool the atmosphere depending on their temperature and microphysical characteristics
[Stackhouse and Stephens, 1991]. Further research efforts in multiple disciplines are needed.
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6. Conclusions

A clear-air aerosol enhancement zone exists near the bases of anvils associated with Atlantic tropical
storms. This zone has different aerosol characteristics than background air at the same 8–12 km altitude
range, with differences significant at the 0.01 probability level. Median dry aerosol scattering coefficient
increased by about a factor of 30 adjacent to anvils, and this increase was not due to new particle produc-
tion or to hygroscopic growth near clouds. Storms with the Saharan Air Layer below transported more
large particles to the upper troposphere, with the number concentration of particles >0.3 μm diameter
enhanced by about a factor of 4 in the AEZ. This is only ~0.4% relative to dust concentrations in the same
size range in the SAL itself but can substantially increase ice nucleating particle concentrations in the
upper troposphere when storms dissipate. In addition, simple calculations based on satellite cloud statistics
imply that this convective lofting may be responsible for much of the background concentration of large
particles (>0.3 μm) in the region. Taken together, the data suggest that lofting of dust and other ice
nucleating particles by convective systems may have an extended aerosol indirect effect with impacts
on subsequent high cloud formation. Further studies are needed to determine how far downwind of
the original convection that dust and INP concentrations may remain elevated and how they impact
downstream clouds.
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