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Abstract Four years of CloudSat data have been analyzed over a region of the east Atlantic Ocean in
order to examine the inﬂuence of aerosols on deep convection. The satellite data were combined with
information about aerosols taken from the Global and Regional Earth-System Monitoring Using Satellite
and In Situ Data model. Only those proﬁles ﬁtting the deﬁnition of deep convective clouds were analyzed.
Overall, the cloud center of gravity, cloud top, and rain top were all found to increase with increased aerosol
loading. These eﬀects were largely independent of the environment, and the diﬀerences between the
cleanest and most polluted clouds sampled were found to be statistically signiﬁcant. When examining
an even smaller subset of deep convective clouds likely to be part of the convective core, similar trends
were seen. These observations suggest that convective invigoration occurs with increased aerosol loading,
leading to deeper, stronger storms in polluted environments.
1. Introduction
While increasing research has been performed in order to address the problem of aerosol impacts on deep
convection, many questions still remain unanswered. Several studies [Andreae et al., 2004; Khain et al., 2005;
Koren et al., 2005; van den Heever et al., 2006; van den Heever and Cotton, 2007; Lee et al., 2008a; Li et al., 2008;
Rosenfeld et al., 2008; Lebo and Seinfeld, 2011; van den Heever et al., 2011; Storer and van den Heever, 2013;
Fan et al., 2013] suggest that increased aerosol concentrations will lead to the invigoration of deep convective storms; however, there is still no clear consensus on this eﬀect, as recently summarized in Tao et al.
[2012]. It is generally established that in a polluted environment, or one which contains higher number concentrations of aerosols that can act as cloud condensation nuclei (CCN), collision and coalescence in deep
convective systems will be less eﬀective due to the increased numbers of smaller cloud droplets, thus leading to a reduction in warm rain production. This leaves higher amounts of liquid water in cloud that can be
lofted to form ice, providing an additional source of latent heating which can increase the buoyancy of an
updraft. These changes can lead to stronger storms with higher cloud tops, greater ice mass, and heavier
surface precipitation [Andreae et al., 2004; Khain et al., 2005; Koren et al., 2005; van den Heever et al., 2006; Li
et al., 2008; Rosenfeld et al., 2008; Storer et al., 2010; Tao et al., 2012; Storer and van den Heever, 2013].
Changes in deep convective properties can have important impacts on both the local and the large scale.
On short temporal and spatial scales, the higher precipitation rates associated with more vigorous convection are of great concern. In terms of larger scale impacts, Fan et al. [2012] describe how invigoration of deep
convection can lead to changes in weather patterns, from the smaller scale (e.g., sea-breeze circulations)
up to monsoons and even the Hadley circulation, through warming at the top of the atmosphere. Van den
Heever et al. [2011] demonstrated that convective invigoration may lead to increases in midlevel and high
clouds at the expense of low clouds through changes in convective circulations. In addition, changes to the
microphysical properties of cloud droplets and ice crystals, alone or in combination with convective invigoration, can lead to diﬀerences in high cloudiness [Fan et al., 2013], which would have important implications
when considering the radiation budget of the atmosphere.
Typical measurement techniques which give us information about such properties as aerosol optical depth
often cannot measure these quantities when clouds are present, making it a challenge to obtain collocated
measurements of aerosols with deep convective storms. However, a few observational studies do exist that
support the theory of convective invigoration suggested by modeling eﬀorts. Some of the ﬁrst observational evidence of convective invigoration was seen by Andreae et al. [2004] in their study of convection
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over the Amazon during the biomass burning season. The authors discovered strong thunderstorms with
enhanced ice processes and heavy rain showers during smoke events, more so than when the environment
was less polluted by smoke aerosols. Since then others [e.g., Lin et al., 2006; Ten Hoeve et al., 2012] have
also found evidence of higher cloud tops, enhanced heavy precipitation, and increased ice amounts in the
same region. Similar evidence has also been found for convective invigoration (e.g., increased cloud tops,
more frequent lightning, and heavier precipitation events) in polluted environments over the North Atlantic
Ocean [Koren et al., 2005], in the southeast United States [Bell et al., 2008], and in China [Wang et al., 2011].
Wang et al. [2009] analyzed both observational and modeling data and found evidence that smoke from
biomass burning in Central America may lead to an enhancement of severe weather in the south central
United States. Heiblum et al. [2012] recently performed an observational study examining satellite data over
several regions across the globe. They found evidence of convective invigoration in many of the regions
studied in the form of an increased rain center of gravity. In another study [Li et al., 2011], a 10 year data set
over the Southern Great Plains in the United States was used to demonstrate that low-based, mixed-phase
clouds (i.e., summer deep convective clouds (or DCCs)) show evidence of convective invigoration when
aerosol concentrations are higher.
The goal of this study is to examine a large sample of observed tropical deep convective clouds developing under a range of aerosol concentrations in order to search for evidence of convective invigoration with
increased aerosols. We do not seek to deﬁne the processes responsible for convective invigoration but
simply to examine whether observational evidence exists of some of the fundamental diﬀerences in convective storms that have been seen in previous studies in association with enhanced aerosol concentrations
[Andreae et al., 2004; Khain et al., 2005; van den Heever et al., 2006; Rosenfeld et al., 2008; Khain, 2009; van den
Heever et al., 2011; Storer and van den Heever, 2013; Fan et al., 2013]. We utilize satellite observations of deep
convective clouds from the CloudSat Cloud Proﬁling Radar, in combination with the output from a global
transport model used as a proxy for aerosol loading, in order to look for evidence of convective invigoration.
The use of CloudSat data provides a unique opportunity to examine aerosol impacts on deep convection
because of the global coverage of the satellite and the ability of the radar to penetrate clouds, thereby oﬀering information about the vertical structure of convective systems. In keeping with previous studies, we
will show that occurrences of deep convection in more polluted environments do have greater reﬂectivity
throughout the column and that the clouds are more vertically developed. We suggest that these changes
are observational evidence of convective invigoration.

2. Data and Methods
Observations of deep convection were obtained from the CloudSat Cloud Proﬁling Radar (CPR) [Stephens
et al., 2002]. The CPR is a 94 GHz nadir-looking radar with a vertical gate spacing of 240 m. The horizontal
resolution is 1.4 km (cross track) × 1.8 km (along track). The high frequency of this radar makes it very sensitive to the presence of cloud and ice particles (the minimum detectable signal is about −30 dBZ). Reﬂectivity
data used in this study are obtained from the level-2 product 2B-GEOPROF [Mace et al., 2007], which provides vertical proﬁles of reﬂectivity corrected for gaseous attenuation. The 2B-GEOPROF product also
provides a cloud mask for use in deﬁning where cloud is present.
For the purposes of this study, only proﬁles selected as “Deep Convective Clouds” (DCCs) were analyzed.
A DCC was deﬁned where the depth of continuous cloud (as established by the CPR Cloud Mask product)
was at least 8 km and is similar to that used in the modeling study of Storer and van den Heever [2013]. The
choice of 8 km depth was arbitrary, but it is large enough to rule out the majority of cumulus congestus
clouds, while still being shallow enough to allow for proﬁles in the core of deep convective storms, where
the base measured by the CPR may be artiﬁcially high due to radar attenuation. These DCCs do not represent separate clouds but rather are individual proﬁles measured by the CPR, many of which may be present
in an individual deep convective storm. The sample of DCCs may consist of both the convective core of
storms as well as regions of deep, more stratiform-like cloud.
Four years (2006–2009) of CloudSat data (both ascending and descending overpasses) were analyzed over a
region of the east Atlantic bounded by 0–40◦ N and 0–40◦ W. In order to avoid diﬀerences due to land-based
versus oceanic convection, only deep convective proﬁles over the ocean were used. This region of the
east Atlantic was chosen due to the frequent dust events that occur oﬀ the west coast of Africa within the
Saharan Air Layer (SAL) [Carlson and Prospero, 1972; Zipser et al., 2009]. In addition, much of the aerosol
STORER ET AL.
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Figure 1. (a) The frequency of occurrence of deep convective clouds
seen by CloudSat in the years 2006–2009 and (b) aerosol optical depth
from GEMS model output, matched to CloudSat data and averaged
over the 4 year period of study. A wave-like pattern can be seen in both
plots due to the location of CloudSat overpasses. GEMS = Global and
Regional Earth-System Monitoring Using Satellite and In Situ Data

10.1002/2013JD020272

present in this region is likely to be composed of dust and sulfate [Zipser et al.,
2009], similar to that modeled in Storer
and van den Heever [2013]. Shown in
Figure 1a is the frequency of occurrence
of DCCs in the region. The percent of the
total sample located in a 1◦ by 1◦ box is
contoured. A majority of the DCCs analyzed are located in the lower latitudes
and are associated with the Intertropical Convergence Zone. The locations of
more frequent DCCs align well with what
is shown in Liu et al. [2007], although it
should be noted that cloud fraction is
not the variable shown here.

In order to examine aerosol indirect
eﬀects on these DCCs, a large, consistent record of aerosol measurements was
required. Satellite aerosol optical depth
(AOD) measurements collocated with
deep convection are diﬃcult to obtain,
as most aerosol algorithms require an absence of cloud and few in situ data exist over the ocean. For these
reasons, output from a global transport model was used to determine if a DCC developed in a polluted
or clean environment. The Global and Regional Earth-System Monitoring Using Satellite and In Situ Data
(GEMS) project (http://gems.ecmwf.int) [Hollingsworth et al., 2008] utilizes data assimilation of aerosol emissions inventories and satellite data, in combination with the European Centre for Medium-Range Weather
Forecasts (ECMWF) model, in order to provide detailed global coverage of chemical and aerosol species.
The use of data assimilation in the analysis provides improved AOD information as compared to the model
alone and allows for gaps in satellite data to be ﬁlled in [Benedetti et al., 2009]. The GEMS project provides
model-simulated 550 nm AOD, representing what might be observed by a sensor such as MODIS (Moderate
Resolution Imaging Spectroradiometer) [Remer et al., 2005], in the absence of cloudiness. For a sense of the
typical GEMS AOD in the region, Figure 1b is a contour plot showing all samples falling within each 1◦ by 1◦
box, averaged spatially and temporally for the entire 4 year time period analyzed here.
A center of gravity (COG) was calculated for each proﬁle utilizing a technique similar to that described by
Koren et al. [2009] and used by Heiblum et al. [2012]; however, instead of rain rate, the COG was calculated
using values of reﬂectivity, as shown below.
∑
Zi Hi
COG = ∑i
i Zi

(1)

In this equation, Z is the measured reﬂectivity and H is the height in meters of each level, i. The sums performed in the calculation of COG were started at the level of maximum reﬂectivity, rather than the surface, in
order to reduce the possibility that attenuated proﬁles were aﬀecting the results. Generally, a higher COG is
present where values of reﬂectivity are greater, or more condensate is present at higher levels of the cloud.
Other parameters analyzed include cloud top, the highest level containing cloud as deﬁned by the CPR
Cloud Mask, and rain top, the highest level where the reﬂectivity has a value of at least 0 dBZ. To learn something of the microphysical characteristics of these clouds, ice water content was obtained from the CloudSat
Level 2 data product 2B-CWC-RO [Austin et al., 2009]. The ice water content was vertically integrated to
create ice water path.
As previous work has found that aerosol indirect eﬀects can diﬀer depending on environmental parameters
such as convective available potential energy (CAPE) [e.g., Storer et al., 2010] and lower tropospheric static
stability (LTSS) [e.g., Matsui et al., 2004], it was useful to separate the aerosol trends found here by environmental regimes. Environmental variables were calculated using information from the ECMWF-AUX product,
STORER ET AL.
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and CAPE and LTSS (simply the lapse
rate between the surface and the
700 mb level) were used to separate
environmental impacts from those of
aerosols on convective storms.

3. Results
3.1. General Statistics
Over a quarter of a million DCCs
(∼3.5e5) were analyzed over the
4 year period. As explained in
section 2, DCCs are those proﬁles
with cloud present through a depth
of at least 8 km. For a sense of what
these DCC reﬂectivity proﬁles look
like, Figure 2 shows a contoured frequency by altitude diagram (CFAD)
Figure 2. A contoured frequency by altitude diagram (CFAD), showing the
[Yuter and Houze, 1995] of the entire
frequency of occurrence of values of reﬂectivity at diﬀerent heights for
sample of DCCs analyzed in this study.
the total sample of deep convective clouds sampled in this study. Data are
The samples were binned by 1 dBZ at
binned at 1 dBZ intervals at each level and then normalized by the total
each level and then normalized by the
number of samples in that level. The mean cloud top (∼12 km) is noted,
and above that, reﬂectivity values are mostly at or below the minimum
total number of samples at that level.
detectable threshold.
The average cloud top of the DCCs
analyzed is just over 12 km; above
this, the majority of the DCCs have reﬂectivity values near or below the minimum detectable signal. Moving downward through the troposphere, the reﬂectivity quickly increases as the CPR detects ice particles
in the upper levels of the DCCs. Nearly all of the proﬁles sampled have a maximum reﬂectivity greater than
0 dBZ, which is often considered the threshold for precipitation-sized particles [Haynes et al., 2009], and a
large number reach 15 dBZ, signifying great amounts of condensate present. An increase in reﬂectivity associated with the melting level is clearly visible near 4 km above ground level, and below that the reﬂectivity
decreases rapidly toward the surface as the radar signal becomes attenuated due to heavy precipitation.
The AOD estimated in the geographic region studied here ranged between 0.03 and 1.64 during the
time period studied, with an area and time average of 0.23. A histogram of AOD for the proﬁles analyzed
is shown in Figure 3. The AOD is
widely variable over the region and
time period studied here and is similar to histograms shown in Remer
et al. [2008]. Also indicated in Figure 3
are divisions denoting 10 equal sample size bins. That is, each bin contains
10% of the DCCs, or about 3.5e4 sample proﬁles. The cleanest 10% of the
samples have an average AOD of 0.1,
while the most polluted 10% have
AOD averaging near 0.9. Aerosol
climatologies such as described in
Remer et al. [2008] have shown that
remote ocean regions typically have
average AOD on the order of 0.1,
while strongly polluted regions such
as the Amazon during the biomass
Figure 3. A histogram showing the frequency of occurrence of values of
burning season have average values
aerosol optical depth sampled from the GEMS data set. Vertical dashed
of AOD approaching 1. As is evident
lines denote the divisions between bins each containing 10% (∼3.5e4
samples) of the data.
from Figure 3, the AOD in the east
STORER ET AL.
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Figure 4. Average values of (a) center of gravity, (b) cloud top, (c) rain top, and (d) ice water path. Symbols denote
20 bins each containing ∼1.75e4 samples, while the trend lines were calculated using ordinary least squares with 50 bins
of ∼7000 samples each.

Atlantic region encompasses this entire range, though the majority of DCCs sampled here have AOD values
that fall within a more “moderate” range of 0.2–0.4.
Shown in Figure 4 are the four DCC properties analyzed, plotted as a function of AOD. For this plot, the data
were split into 20 equal sample size bins (each containing ∼1.75e4 DCC proﬁles) based on the AOD, and
the average of each DCC parameter was calculated within each aerosol bin. Additionally, a trend line was
calculated for each parameter, using ordinary least squares with the data split into 50 bins. This trend line
is plotted for demonstrative purposes, as it is not relevant to the statistical analysis described later in this
section; however, the trend line is not sensitive to the number of bins used. The ﬁrst DCC property analyzed
here is the center of gravity, as deﬁned in section 2. The COG represents both the magnitude of reﬂectivity
values and how high they reach in the troposphere. Figure 4a shows that there is a clear upward trend in
COG with increasing AOD. Higher values of COG can result from clouds with greater vertical extent and/or
clouds containing more condensate aloft, both of which have been seen in polluted storms (as summarized
in Tao et al. [2012]). Larger vertical extent would suggest possible convective invigoration, as seen previously
[Andreae et al., 2004; Khain et al., 2005; Koren et al., 2005; van den Heever et al., 2006; van den Heever and
Cotton, 2007; Lee et al., 2008a; Rosenfeld et al., 2008; Lebo and Seinfeld, 2011; Storer and van den Heever, 2013].
Many studies [e.g., Lynn et al., 2005; Khain et al., 2005; van den Heever et al., 2006; Lee et al., 2008a; Storer et al.,
2010; Storer and van den Heever, 2013] have also noted that increased aerosol loading leads to enhanced ice
and liquid amounts in deep convective clouds. In addition, Heiblum et al. [2012] observed increased values
of COG with increased aerosols in their study utilizing TRMM data.
In order to assess possible reasons for the increase in COG with increased aerosol loading, Figure 4 also
demonstrates the trends in cloud top, rain top (0 dBZ echo height), and ice water path. Cloud top and rain
top show clear increases with enhanced aerosol optical depth, which suggests that convective invigoration
may be occurring with higher values of AOD. This signal of increased cloud and rain top would appear to
be in keeping with results from previous studies (as discussed above) that found deeper, stronger storms in
more polluted simulations.
The ice water path shows a weakly positive trend with increased aerosol loading. Based on previous modeling studies [Lynn et al., 2005; Khain et al., 2005; van den Heever et al., 2006, 2011; Rosenfeld et al., 2008; Storer
et al., 2010; Storer and van den Heever, 2013; Fan et al., 2013], we would expect an increase in cloud ice with
STORER ET AL.
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increased aerosol amounts. However,
there is some uncertainty associated
with the values of ice water path due
to the fact that radar-based retrievals
of ice water content are sensitive to
the choice of the size and density
parameters used [Protat et al., 2009].
Changes in aerosol concentration can
also aﬀect the size of ice particles, and
so competing eﬀects may be leading
to the lack of a consistent trend.
3.2. Environmental Dependence
As mentioned in section 2, the net
eﬀect of aerosols on convection can
depend strongly on the environment,
and thus, the DCCs analyzed were
separated by environmental parameters in an attempt to isolate the signal
attributable to aerosol loading from
Figure 5. Histograms showing the frequency of occurrence of (a) convecthat due to environmental forcing.
tive available potential energy (CAPE) and (b) lower tropospheric static
There are a number of parameters
stability (LTSS) calculated using ECMWF-AUX data. Vertical dashed lines
that can be a factor; however, we
denote the divisions between high (greater than 250 J/kg for CAPE or
chose two common stability parame3.95 K for LTSS), medium, and low (less than 38 J/kg for CAPE or 3.67 K for
LTSS) values for each environmental parameter.
ters (CAPE and LTSS) to analyze here.
Both parameters are indicative of the
dynamic forcing that would aﬀect the DCC parameters in the absence of diﬀerences in aerosol forcing. CAPE
is a measure of the energy available for a convective updraft to utilize as it grows, and higher values indicate the possibility of stronger updrafts and more intense convection. LTSS describes the stability in the
boundary layer. Higher values of LTSS indicate a capping inversion which can act to prevent deep convection from forming. Histograms of CAPE and LTSS for the region and time period analyzed here are shown in
Figure 5. The total sample was sorted by CAPE (LTSS) and then divided into three bins with the same number of samples in each bin. These bins were then considered to be low, medium, and high CAPE (LTSS), and
the divisions between these CAPE (LTSS) bins were used within each aerosol bin. The same four DCC characteristics discussed previously are plotted in Figure 6, thresholded by high, medium, and low CAPE regimes. It
is clear that all four properties increase with increasing CAPE. This is not surprising, as higher values of CAPE
are typically associated with stronger, more vertically developed storms, which would also produce more
ice. Aerosol-induced increasing trends in COG, cloud top, rain top, and ice water path generally hold for all
the CAPE environments. Similar to the results seen in Storer et al. [2010], CAPE is the dominating factor when
determining these properties, yet the aerosol loading has a notable eﬀect. The trends are generally clearer
for low and medium CAPE, which is also in keeping with Storer et al. [2010], who noted decreased impacts of
aerosols for storms in the most unstable environments. While the eﬀects of convective invigoration are still
evident for the most favorable storm environments (i.e., those with the highest CAPE), aerosols generally
have a more pronounced impact in low CAPE environments that only support weaker storms.
Figure 7 demonstrates that results are similar when DCCs are separated by LTSS rather than CAPE. Though
not as clear as with CAPE, the four properties examined here (COG, cloud top, rain top, and ice water path)
all generally increase with increasing LTSS. This is because the LTSS sampled here is generally quite low
compared to what is seen in other parts of the world [Matsui et al., 2004]. Very low values of LTSS will be
associated with widespread convection that may be weaker, as the boundary layer oﬀers no resistance
to upward motion. Slightly higher values of LTSS may indicate suﬃcient stability to prevent widespread
convection, thereby only allowing for stronger convection to penetrate the boundary layer (similar to the
concept of convective inhibition or CIN). Regardless of the value of LTSS, the DCC characteristics
demonstrate the same generally increasing trends of COG, cloud top height, rain top height, and ice water
path with increased AOD.
STORER ET AL.
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Figure 6. Average values of (a) center of gravity, (b) cloud top, (c) rain top, and (d) ice water path for each aerosol bin.
Deep convective clouds are split by high (greater than 250 J/kg), medium, and low (less than 39 J/kg) CAPE. Symbols
denote 20 bins each containing ∼5e3 samples, while the trend lines were calculated using ordinary least squares with
50 bins of ∼2500 samples each.

Figure 7. As in Figure 6, but proﬁles are split up by high (greater than 3.95 K), medium, and low (less than 3.67 K) LTSS.
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Table 1. Spearman’s Rank Correlation Coeﬃcients for Each Sample With Aerosol Optical Deptha

All DCCs
High CAPE
Medium CAPE
Low CAPE
High LTSS
Medium LTSS
Low LTSS
a Values

COG (m)

Cloud Top (m)

Rain Top (m)

Ice Water Path (g/m2 )

0.056
0.031
0.049
0.062
0.065
−0.003
0.028

0.112
0.081
0.089
0.128
0.035
0.063
0.129

0.075
0.051
0.067
0.075
0.063
0.018
0.052

−0.005
−0.011
−0.009
−0.014
0.032
−0.016
−0.06

that are signiﬁcant at the 95% level are in bold.

3.3. Statistical Signiﬁcance
While the trends in the four parameters analyzed here are relatively clear from a subjective standpoint, it
is evident from the ﬁgures described above that there is quite a bit of noise in the data, particularly in the
moderate AOD range of 0.2–0.4. Storer and van den Heever [2013] also found strong relationships when considering very clean and very polluted conditions but saw increased variability in the aerosol response for
moderately polluted conditions. This noise may be due to many factors, including competing microphysical
and dynamic eﬀects, or the fact that we are sampling convection at diﬀerent stages in its life cycle. In order
to objectively determine whether the aerosol eﬀect is indeed signiﬁcant, two diﬀerent statistical tests were
performed on each sample of DCCs (a sample being all DCCs, only those with high CAPE, etc.).
The ﬁrst test performed was a calculation of the Spearman rank correlation coeﬃcient [Wilks, 2006], a
nonparametric method of assessing correlation. Table 1 shows the values of the Spearman correlation coefﬁcient. In bold are the values which are signiﬁcant at the 95% level. The second test examines the diﬀerence
between the 10% of each sample of DCCs that contain the lowest values of AOD (the “clean” DCCs, with
an average AOD of 0.10) and those with the 10% highest AOD values (the “polluted” DCCs with an average
AOD of 0.88). A Wilcoxon-Mann-Whitney rank-sum test was performed to look for a diﬀerence in location of
the “clean” and “polluted” values of each parameter. If this test shows signiﬁcance, it means that the “clean”
and “polluted” values are more likely to come from diﬀerent populations. Shown in Table 2 are the diﬀerences in the mean between the “polluted” and “clean” samples. Again, the values signiﬁcant at the 95% level
are highlighted in bold. These tests demonstrate that nearly all of the trends discussed are statistically signiﬁcant and hence cannot simply be attributed to noise in the sample. The diﬀerences in COG, cloud top,
and rain top are all positive; that is, the average is larger for polluted samples. Many of these diﬀerences are
larger than 500 m. Also quite clear in both Tables 1 and 2 is the fact that the trends and diﬀerences are larger
when the CAPE is lower, again consistent with previous studies such as Storer et al. [2010]. Ice water path
is less consistent than the other parameters, in that both positive and negative trends show signiﬁcance.
Again, it is likely that there are competing microphysical eﬀects that are impacting the ice water content
retrieval; hence, these trends may not be realistic.
To visualize the diﬀerences due to aerosol eﬀects in a more straightforward way, a CFAD was calculated for
the diﬀerence between the polluted and clean DCCs (Figure 8a). To create this ﬁgure, a CFAD was created for
each group of DCCs (the most polluted and the cleanest) and normalized by the total number of samples at

Table 2. Diﬀerence Between “Polluted” and “Clean” DCCs for Each Samplea

All DCCs
High CAPE
Medium CAPE
Low CAPE
High LTSS
Medium LTSS
Low LTSS
a Values

STORER ET AL.

COG (m)

Cloud Top (m)

Rain Top (m)

Ice Water Path (g/m2 )

536.7
210.8
544.6
689.8
668.6
132.2
228.1

590.5
342.7
449.5
637.4
141.6
146.9
801.4

768.9
358.0
730.8
917.2
693.2
242.9
586.0

122.5
−105.9
223.9
187.4
463.2
−27.5
−262.0

that are signiﬁcant at the 95% level are in bold.
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Figure 8. (a) A diﬀerence CFAD, calculated by subtracting normalized CFADs from the most polluted and cleanest 10% of
the samples. (b) A two-dimensional histogram showing the diﬀerence in the frequency of occurrence of values of cloud
top and rain top between the polluted and clean samples.

each level before the diﬀerence was taken. Since there are such a large number of DCCs analyzed, the percentages contoured are small; however, this plot can help to summarize some of what was seen in Table 2.
A visually distinct diﬀerence between the clean and polluted samples can be noted here, with a shift toward
larger values of reﬂectivity higher in the atmosphere in the polluted DCCs. This shift is associated with mean
values of COG, cloud top, and rain top that diﬀer by over 500 m between the clean and polluted storms. The
changes in cloud top and rain top are particularly clear in Figure 8b, which shows a contoured histogram
of these two parameters. This diﬀerence plot was calculated in a similar manner as the diﬀerence CFAD
and demonstrates, again, a clear shift toward higher cloud tops and rain tops for those DCCs in the most
polluted environments.
3.4. Convective Versus Stratiform Partitioning
It is diﬃcult when analyzing observations to attribute a mechanism to the signals of increased vertical development that we see in this study. The prevailing theory is that of convective invigoration described above;
that increased latent heating leads to increased updraft speed, which would explain the higher values of
cloud top, rain top, and center of gravity. This theory would suggest that these changes would be particularly noticeable in the convective core, dominated by the storm updraft. However, recently, two studies have
shown diﬀerences in the response of deep convection to aerosols depending on whether it was the convective core or the surrounding stratiform region that was analyzed. Min et al. [2009] looked at a case study
of dust aﬀecting a mesoscale convective system in the eastern Atlantic using observations from multiple
satellite platforms. They discovered a shift from heavier convective precipitation rates to lighter stratiform
rates and evidence of the suppression of convective cores in the polluted part of the storm, counter to
what would be expected from the theory of convective invigoration. In a recent modeling study by Fan
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Table 3. Results When Dividing the Sample Into the Convective Core Versus
Stratiform DCCsa
15 dBZ

COG (m)
Cloud Top (m)
Rain Top (m)
Ice Water Path (g/m2 )

Congestus

Core

Stratiform

Core

Stratiform

571.0
0.128
718.5
0.150
743.8
0.126
153.4
0.005

486.8
0.059
548.9
0.106
731.2
0.074
24.5
0.007

632.5
0.096
842.0
0.093
856.9
0.094
319.4
−0.019

519.2
0.060
588.9
0.111
757.2
0.077
121.0
−0.001

a For each parameter, the ﬁrst row shows the diﬀerences as in Table 2, and
the second row the correlations as in Table 1. Values that are signiﬁcant at the
95% level are in bold.

et al. [2013] the authors examined the response of DCCs to increased aerosols in three regions: southeast
China, the southern Great Plains of the United States, and the tropical west Paciﬁc. All three regions showed
increased high cloud fraction, cloud top heights, and cloud thickness, whether or not there was evidence
of convective invigoration in the form of increased updraft mass ﬂux. The authors suggest that in fact, the
changes they saw were largely associated with microphysical diﬀerences in the anvil region of the storms,
where more ice is detrained from the convective cores and then dissipates more slowly due to the lower fall
velocities associated with smaller ice particles. To examine this theory, we look at the response to aerosol
loading of those DCCs likely to be a deep convective core with a growing updraft, in comparison to the
surrounding deep stratiform clouds.
Without direct observations of updraft speed, it is diﬃcult to determine precisely which DCCs are in a growing convective core. We have chosen to examine two simple metrics to separate the most intense DCC cores
from the surrounding, deep stratiform clouds. Diﬀerences in the response of these convective cores from the
rest of the sample may hint at the physical mechanisms at work in this region. The ﬁrst selection included
DCC proﬁles with a maximum reﬂectivity value of at least 15 dBZ, a relatively large reﬂectivity which suggests enough of an updraft to support large ice particles [Durden et al., 2009]. Only DCCs with the maximum
occurring above 5 km were chosen, so as to avoid contamination with the bright band. Of the total DCC
proﬁles, 17% met this criterion. The second selection was similar to that used by Luo et al. [2009] to select
growing cumulus congestus clouds. For this metric, DCCs were selected as a convective core if the 0 dBZ
rain top height was within 1 km of the cloud top height and the 10 dBZ echo top height was within 2 km of
the cloud top height. Even fewer DCCs (roughly 0.5% of the total sample) were considered the convective
core using this selection criterion. For each metric, those DCCs not categorized as the convective core were
classiﬁed as part of the deep stratiform region.
For each of the two criteria, the same statistical tests were run for both the core and stratiform DCCs. Results
are shown in Table 3. For either selection metric, the core and stratiform regions both demonstrate similar
behavior to the entire sample of DCCs as discussed above. Cloud tops, rain tops, and the center of gravity are all substantially increased for polluted DCCs, whether they are a part of the convective core or not,
and in fact those DCCs within the convective core show a stronger signal in most cases. The ice water path
again does not show a consistent trend, which is even more apparent with the smaller sample sizes. If the
data are split up by environmental parameters, the trends remain consistent. Though the microphysical
eﬀects described by Fan et al. [2013] may certainly be a contributing factor to the changes in DCCs seen
here, the diﬀerences apparent in the deep convective core between polluted and clean regions suggest that
convective invigoration is, in fact, occurring within this region.

4. Discussion
Four years of CloudSat data matched with GEMS model output have been analyzed in a region of the east
Atlantic Ocean in order to determine whether there is any observational evidence of aerosol-induced convective invigoration in deep convective clouds. These results support previous observational and modeling
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studies [Andreae et al., 2004; Khain et al., 2005; van den Heever et al., 2006; van den Heever and Cotton, 2007;
Lee et al., 2008a; Li et al., 2008; Rosenfeld et al., 2008; Lebo and Seinfeld, 2011; Li et al., 2011; Storer and van
den Heever, 2013; Fan et al., 2013] showing evidence that increased aerosol concentrations can lead to convective invigoration. These studies are in general agreement that polluted clouds produce less warm rain
through the aerosol-induced suppression of the collision and coalescence processes, as the large numbers
of small droplets make the warm rain process less eﬃcient. There is then more cloud water remaining in
these clouds, which can be lofted to form ice, providing a source of increased latent heating aloft.
Additionally, as there are more and smaller hydrometeors in the polluted clouds, the surface area onto
which vapor can deposit is increased. Hence, vapor deposition onto both liquid water and ice increases substantially, thereby further increasing the latent heating throughout the cloud [Storer and van den Heever,
2013]. The increased buoyancy from latent heating competes with the increased weight of condensate loading in the updraft. Storer and van den Heever [2013] found that despite the eﬀects of condensate loading,
DCCs in polluted simulations were deeper, wider in horizontal extent, and produced more total precipitation. The fact that observational evidence shown here is in agreement with model simulations of similar
clouds and environmental conditions suggests that these mechanisms described by Storer and van den
Heever [2013] (and also others, as summarized above and by Tao et al. [2012]) may explain the evidence of
convective invigoration evident in the observations analyzed here.
The east Atlantic region was chosen for this study because of the frequent dust storms that occur oﬀ the
west coast of Africa, and also for the similarity in environment and aerosol type to that modeled by Storer
and van den Heever [2013]. Observations of aerosols in this region [e.g., Zipser et al., 2009] show that it is
characterized largely by dust, often mixed with sulfate aerosols. Dust particles have been known to act as
CCN, giant CCN (GCCN), and ice nuclei (IN) [DeMott et al., 2003; Twohy et al., 2009]. Dust can also absorb
solar radiation and act to heat the atmosphere, as is typically seen with aerosols such as black carbon. This
heating would generally stabilize the atmosphere and act to suppress convection in what is known as the
semi-direct eﬀect; however, due to the selection of only those proﬁles in which deep convection is already
occurring, we are essentially ruling out this eﬀect on individual storms. Therefore, changes in the frequency
of occurrence of deep convective clouds, or in large-scale circulation, due to this semi-direct eﬀect, would
not be seen with a statistical study such as this.
The results seen here cannot necessarily be extended to other regions of the globe, for two main reasons.
Firstly, aerosol composition varies widely with geography [Remer et al., 2008], and so any hypothesis about
the eﬀects of dust and sulfate on DCCs in the east Atlantic may not hold when considering other regions
where diﬀerent aerosol types are predominant (e.g., regions of biomass burning). Also, as convection is not
identical in character around the world, meteorological impacts on convection may change how it responds
to the presence of increased aerosols. For instance, several studies [e.g., Khain et al., 2010; Storer et al., 2010]
have shown that strongly forced midlatitude convection may be less likely to undergo convective invigoration. This study may not be representative of aerosol impacts on convection in other regions of the world or
of the impacts of other aerosol types.
For the purposes of this study, we chose only two environmental factors (CAPE and LTSS) with which to stratify the data. Both of these parameters are bulk parameters that provide signiﬁcant information about the
environment in which storms form. However, it is impossible to entirely rule out the role of the environment,
as other factors can also be important. For instance, Khain et al. [2008] showed that the relative humidity
can be a factor in determining the response of DCCs to aerosol concentrations, particularly the precipitation
response. In addition, other studies [Lee et al., 2008b; Fan et al., 2009] have demonstrated that strong wind
shear can suppress deep convective clouds in the presence of high aerosol concentrations, a hypothesis
which we did not examine here. Analyzing other environmental factors such as these is important work that
would be useful for future study.
In this study, we have established that there is indeed a signiﬁcant relationship between aerosol optical
depth and bulk cloud parameters including cloud top, rain top, and center of gravity. In the future, the combination of satellite data and model output may be used in the manner demonstrated here to examine
the problem in more detail. For instance, by utilizing aerosol optical depth, we have neglected information about speciﬁc aerosol size and type, as well as the vertical distribution of aerosols in the atmosphere.
It may be useful to separate the larger dust aerosols from the smaller sulfate particles, for instance, in order
to better understand the mechanisms leading to changes in cloud parameters. It would also be interesting
STORER ET AL.

©2014. American Geophysical Union. All Rights Reserved.

3973

Journal of Geophysical Research: Atmospheres

10.1002/2013JD020272

to look at any diﬀerences that may arise due to the vertical distribution of aerosols. Aerosol particles may be
ingested into a storm updraft at the cloud base or entrained at midlevels; however, little is known about the
relative importance of those two mechanisms.
We have shown here that there exists signiﬁcant evidence that aerosols in the east Atlantic are aﬀecting
deep convective clouds through the processes of convective invigoration.
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