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Abstract 47 
 48 
 49 
The Amazon Basin, which plays a critical role in the carbon and water cycle, is under stress due 50 
to changes in climate, agricultural practices, and deforestation.  The effects of thermodynamic 51 
and microphysical forcing on the strength of thunderstorms in the Basin (75-45° W, 0-15° S) 52 
were examined during the pre-monsoon season (mid-August through mid-December), a period 53 
with large variations in aerosols, intense convective storms, and plentiful flashes.  The analysis 54 
used measurements of radar reflectivity, ice water content (IWC), and aerosol type from 55 
instruments aboard the CloudSat and CALIPSO satellites, flash rates from the ground-based 56 
STARNET network, and total aerosol optical depth (AOD) from a surface network and a 57 
meteorological re-analysis.  After controlling for convective available potential energy (CAPE), 58 
it was found that thunderstorms that developed under dirty (high-AOD) conditions were 1.5 km 59 
deeper, had 50% more IWC, and more than two times as many flashes as storms that developed 60 
under clean conditions.  The sensitivity of flashes to AOD was largest for low values of CAPE 61 
where increases of more than a factor of three were observed. The additional ice water indicated 62 
that these deeper systems had higher vertical velocities and more condensation nuclei capable of 63 
sustaining higher concentrations of water and large hydrometeors in the upper troposphere.  64 
Flash rates were also found to be larger during periods when smoke rather than dust was 65 
common in the lower troposphere, likely because smoky periods were less stable due to higher 66 
values of CAPE and AOD and lower values of mid-tropospheric relative humidity.  67 
 68 
 69 
 70 
 71 

Plain Language Summary 72 
The Amazon Basin, which plays an important role in the carbon and water cycle, is under stress 73 
due to changes in climate, agricultural practices, and deforestation.  The Basin includes a 74 
rainforest in the northwest and a mix of deforested areas, savannah-type vegetation, and 75 
agriculture in the southeast.  The effects of instability and aerosol loading on thunderstorms in 76 
the Basin (75-45° W, 0-15° S) were examined during mid-August through mid-December, a 77 
period with large variations in aerosols, intense convective storms, and plentiful flashes.  The 78 
analysis used measurements of radar reflectivity, ice water content (IWC), and aerosol type from 79 
instruments aboard the CloudSat and CALIPSO satellites, flash rates from the ground-based 80 
STARNET network, and aerosol optical depth (AOD) from a surface network and a 81 
meteorological re-analysis.  After controlling for convective available potential energy (CAPE), 82 
a measure of instability, it was found that thunderstorms that developed under dirty (high-AOD) 83 
conditions were approximately 1.5 km deeper, had 50% more IWC, and more than two times as 84 
many flashes as storms that developed under clean (low-AOD) conditions. Flash rates were also 85 
found to be larger during periods when smoke rather than dust was common in the lower 86 
troposphere, likely because these periods were less stable.  87 
 88 
 89 
 90 
 91 
 92 
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1 Introduction 93 
 94 
Deep convection requires low-level convergence, boundary layer moisture, and instability.  Tao 95 
et al. (2012), Li et al. (2017), and Fan and Li (2022) review the intimate connection between 96 
aerosols and deep convection.  Many aerosol particles are hygroscopic and serve as efficient 97 
cloud condensation nuclei (CCN) when activated.  Activated cloud droplets grow by both 98 
condensation and coalescence, with the much faster coalescence process becoming increasingly 99 
important as cloud droplets rise through the cloud and grow (Freud et al., 2011; Freud and 100 
Rosenfeld, 2012; McFiggans et al., 2006).  The height cloud droplets must reach before 101 
coalescence dominates over condensation increases with aerosol optical depth (AOD) (Zhu et al., 102 
2015).  Therefore, the onset of coalescence in convection occurring at polluted locations may be 103 
delayed until droplets rise to altitudes where temperatures are sub-freezing, and glaciation is 104 
possible (Rosenfeld et al., 2008).  Thus, adding aerosols may create more but smaller liquid 105 
droplets that rise to higher altitudes leading to a suppression of warm rain and an invigoration of 106 
deep convection and lightning (Khain et al., 2005; Koren et al., 2005; 2010; Y. Liu et al., 2020; 107 
Lohmann, 2008; Niu and Li, 2012; Petersen and Rutledge, 2001; Yang and Li, 2014).  Within a 108 
convective mixed-phase layer, interactions between graupel and ice crystals in the presence of 109 
supercooled water lead to efficient charge transfer, electric field growth, and lightning (Blyth et 110 
al., 2001; Saunders et al., 2006; Takahashi, 1978).   111 
 112 
Observations and numerical simulations suggest that adding aerosols to a pristine environment 113 
intensifies deep convection through aerosol-induced changes in the mixed phase layer of the 114 
cloud that enhance lightning (Fan et al., 2018).  As the aerosol amount continues to increase, a 115 
larger population of tiny droplets begins to suppress the growth of graupel and the delivery of 116 
large, supercooled droplets to the mixed phase region thus suppressing charge separation and 117 
flash rates (Williams et al., 2002).  For larger aerosol amounts, the aerosol invigoration effect is 118 
opposed by an aerosol radiative forcing effect that stabilizes the atmosphere and lessens the 119 
intensity of deep convection (Andreae et al., 2004; Koren et al., 2008; Manoj et al., 2021; 120 
Rosenfeld, 1999; Wang et al., 2013; Williams et al., 2002; Yang et al., 2013; Yuan et al., 2011). 121 
The combined impact of the opposing effects under polluted conditions may delay the 122 
development of intense storms until later in the day (Guo et al., 2016; Lee et al., 2016) and can 123 
lead to increases or decreases in rainfall depending on atmospheric humidity, buoyancy, and 124 
windshear (Khain, 2009).  Albrecht et al. (2011) found that aerosols enhanced lightning activity 125 
in the Amazon basin, but the effect was statistically significant only during the wet season.  Fan 126 
et al. (2009, 2016) found that microphysical invigoration is largest in moist environments with 127 
minimal wind shear, warm cloud bases, and ample convective available potential energy (CAPE) 128 
such as the tropical western Pacific and southeastern China. Storer et al. (2014) examined the 129 
sensitivity of four CloudSat deep convective parameters to AOD over the eastern North Atlantic 130 
using CloudSat data for 2006-2009 and aerosol fields from an aerosol assimilation system 131 
(Hollingsworth et al., 2008).  After controlling for CAPE and lower tropospheric static stability 132 
(LTSS), they found that increases in the radar reflectivity centroid (Zre) (Heiblum et al., 2012; 133 
Koren et al., 2009), cloud top height, rain top height (highest layer for which radar reflectivity 134 
(Ze) >0), and ice water path (IWP) with AOD were statistically significant both in deep 135 
convective cores and in the surrounding stratiform region.  Buiat et al. (2017) examined the 136 
characteristics of clouds conducive to lightning formation using CloudSat products and lightning 137 
data from twelve convective events over Italy.  They found a strong correlation between the 138 
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number of strokes and the vertical distribution of ice particles, with lightning discharges most 139 
common when ice water content (IWC) and effective radius values were large at mid-and-upper 140 
levels (Takahashi, 1978).  Peng et al. (2015) examined the sensitivity of deep convective cloud 141 
heights to aerosol loading using aerosol amounts from Moderate Resolution Imaging 142 
Spectrometer (MODIS) and cloud top heights from CloudSat.  They found that tropical cloud top 143 
heights over land increased by 2-4 km as AOD increased from 0.1 to 0.5, with larger increases 144 
for mixed-phased clouds with warm bases (T > -15° C ) than for mixed-phase clouds with cold 145 
bases. An aerosol invigoration signal was not found in several other studies.  For example, Veals 146 
et al. (2022) examined the impact of aerosols on the depth of deep convective storms using 147 
measurements from the Cloud, Aerosol, and Complex Terrain Interactions (CACTI) campaign 148 
that took place from October 2018 to April 2019 in central Argentina.  They found that the 15 149 
dBZ echo top height increased strongly with the level of neutral buoyancy (LNB) and with 150 
CAPE.  Echo top heights also increased with AOD; however, after accounting for correlations 151 
with meteorological variables, increasing AOD was generally correlated with higher cloud top 152 
temperatures and a decrease in the vertical extent and intensity of deep convection.  Grabowski 153 
and Morrison (2020) used a model to examine convective development over Amazonia.  They 154 
found that adding additional ultrafine CCN led to increased cloud buoyancy, stronger updrafts, 155 
and thus more condensation below the freezing level; however, they did not observe what is 156 
traditionally called convective invigoration, i.e., an impact at altitudes above the freezing level.  157 
 158 

 159 
Figure 1. Map showing region of interest.  The Amazon Basin (75° - 45° W, 15 - 0° S) is 160 
highlighted with a black rectangle.  The locations of the nine AERONET sites used in this study 161 
are shown with blue stars.   162 
 163 
In this study, the relationship between aerosols, deep convection, precipitation, and lightning is 164 
examined over the Amazon Basin (75-45° W, 0-15° S) (see Figure 1) using  CAPE from the 165 
ERA5 reanalysis, total column optical depth from AERONET (Palacios et al., 2022) and the 166 
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MERRA-2 reanalysis (Buchard et al., 2017), precipitation rates from IMERG (Huffman et al., 167 
2019, 2020), flash rates from the Sferics Timing and Ranging Network (STARNET) (Morales-168 
Rodriguez et al., 2011), estimates of convective intensity and aerosol type derived from CloudSat 169 
(Stephens et al., 2002) and CALIPSO (Winker et al., 2009; 2010), and profiles of relative 170 
humidity (RH) and temperature obtained from ancillary European Centre for Medium-Range 171 
Weather Forecasts (ECMWF) products (Cronk and Partain, 2017).  172 
 173 
The Amazon Basin is an area that includes the Amazon rainforest in the northwest and a mix of 174 
deforested areas, savannah-type vegetation, and agriculture in the southeast (Kumar et al., 2023; 175 
Ter Steege et al., 2013).  Climate change and deforestation are affecting the air quality and 176 
weather, increasing the Basin’s susceptibility to drought, especially in the southeastern portion of 177 
the Basin (Wunderling et al., 2022).  Biomass burning associated with agricultural practices and 178 
deforestation enhances the concentration of aerosols (Mataveli et al., 2021), especially during the 179 
dry season when mean concentrations of particles are ten times greater than during the wet 180 
season (Artaxo et al., 2002, 2022).  Changes in the thermodynamic environment associated with 181 
this drying are also impacting the abundance of smoke and dust in the atmosphere, the amount of 182 
rainfall (Saad et al., 2010), and the frequency and intensity of deep convection and lightning 183 
(Albrecht et al., 2011; Altaratz et al., 2010; Morales-Rodriguez, 2019). Therefore, this region is 184 
an ideal location to study the evolving relationship between thermodynamics, microphysics, 185 
aerosol amounts, precipitation rates, and ultimately flash rates. 186 
 187 
Albrecht et al. (2011) examined variations in convective intensity during the mid-September to 188 
mid-November transition between dry and wet seasons over Rondonia.  They found that storms 189 
were more intense (i.e., had higher percentages of positive cloud-to-ground (+CG) flashes, and 190 
higher 30 dBZ echo top heights) during the dry season (mid-September to early October at this 191 
location) than the transition or wet seasons.  They also found that the intensity of storms was 192 
independent of aerosol concentrations early in the period when aerosol concentrations were high 193 
but increased with aerosol concentrations beginning October 20th, when the lower concentrations 194 
allowed an aerosol-limited regime to be established.  Wall et al. (2014) studied the impact of 195 
aerosols on convective features over the Amazon, central Africa, the tropical Atlantic, and the 196 
North American Monsoon (NAM) regions using 10 years of TRMM Precipitation Radar data on 197 
convective storms and 5 years of CloudSat data on cumulus congestus clouds. In the Amazon 198 
Basin, they found that convective storms forming in more polluted conditions based on MODIS 199 
aerosol index (AI) values had 30% more rain, 4.5 × more lightning, 2 km higher cloud tops as 200 
determined using the metric maximum height of 20 dBZ echo, and more ice scattering (85-GHz 201 
polarization-corrected temperatures were 9 K lower) than storms forming over clean regions.  202 
Stolz et al. (2015) examined the impact of thermodynamics and aerosols on the intensity of deep 203 
convection and flash rates using data on convective features observed by TRMM.  They found 204 
that the lightning density decreased with warm cloud depth (WCD), i.e., the vertical thickness 205 
between the lifting condensation level (LCL) and the freezing level.  When WCD was held 206 
constant, total lightning density (TLD) over continents increased by approximately 170% 207 
between low and high values of aerosols with diameters greater than 40 nm (N40).   Altaratz et 208 
al. (2017) studied the link between aerosol loading and convective activity over several regions 209 
including the Amazon.  Over the Amazon, they found that Worldwide Lightning Location 210 
Network (WWLLN) flash densities (Virts et al., 2013) in polluted air exceeded those in clean air 211 
by approximately a factor of two during March-May, 2012 for CAPE values between 500 and 212 
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2500 J kg-1.  Jiang et al. (2018) examined the impact of aerosol type on the intensity of deep 213 
convection over three regions of the globe including South America (0° –30° S, 35° −80° W).  214 
Over South America, they found that values of the IWC centroid (ZIWC) were lower when the 215 
CALIOP aerosol type Elevated Smoke was dominant and higher when Polluted Continental 216 
Smoke (PCS) was dominant. The response of ZIWC to aerosol perturbations was found to be non-217 
monotonic consistent with several studies that show a turning point in the response of convective 218 
metrics and flashes to AOD due to the competing influences of microphysical and radiative 219 
effects (Wang et al., 2018).  220 
 221 
This study expands on these previous studies that examine the combined impact of 222 
thermodynamics and aerosols on the intensity of deep convection in the Amazon Basin.  Section 223 
2 describes the data products and methodology, section 3 examines the sensitivity of convective 224 
intensity to observed and reanalysis-based estimates of total column AOD after controlling for 225 
CAPE, and section 4 offers conclusions.  226 
 227 
2 Methodology and Data Products 228 
 229 
This study focuses on the pre-monsoon period defined here to be August 16 to December 15.  230 
This period is focused on because it has large variations in aerosols, continental conditions, and 231 
high lightning activity (Petersen and Rutledge, 2001; Saraiva et al., 2016).  It is a period when 232 
the CAPE threshold for deep convective storms is low, and the percent of clouds that are 233 
cumulonimbus is the largest (Wu and Lee, 2019).  In addition, more thunderstorms form during 234 
this period because it is a transition period that occurs after aerosol sources have built up over the 235 
dry season but before the most intense rainfall (monsoon).  The onset of the rainy season in the 236 
Amazon Basin varies with location and year but can begin as late as mid-December  (Marengo et 237 
al., 2001). The range of years examined is 2012 – 2017.   This time period was chosen because it 238 
is a period with flash data from STARNET that encompasses CloudSat Epoch 6 that began on 239 
May 15, 2012 when CloudSat returned to the A-Train formation enabling overlap with ancillary 240 
data from MODIS and CALIPSO and ended in early 2018 when CloudSat exited the A-train.  In 241 
this study, CloudSat data are available for May 15, 2012 through December 5, 2017, while 242 
CALIPSO data used in estimating the aerosol type are available for most days during the 2012-243 
2017 time period.  244 
 245 
2.1 CloudSat Products 246 
 247 
CloudSat is a satellite launched in April 2006 that carries a radar capable of penetrating cloud 248 
tops and examining the internal structure and microphysics of deep convective clouds (Stephens 249 
et al., 2002). CloudSat with an equator crossing time of 1:30 PM during the period of this study 250 
contains a W-band (94-GHz) nadir-looking Cloud Profiling Radar (CPR) with a 1.1 km footprint 251 
and a 480 m vertical resolution that can be used to observe relatively small cloud hydrometeors 252 
(Tanelli et al., 2008).  The primary CloudSat variables used in this study are profiles of cloud 253 
type from the 2B-CLDCLASS data set (Sassen and Wang, 2008), profiles of radar reflectivity 254 
(Ze) obtained from the 2B-GEOPROF data set (Mace and Zhang, 2014; Marchand et al., 2008; 255 
Protat et al., 2009) and profiles of ice water content (IWC) (Deng et al., 2013, 2015) obtained 256 
from the 2C_ICE product.  The product version used in this study is Revision 05.  The 2C-ICE 257 
product uses Ze along with attenuated backscattering coefficients at 532 nm (𝝲’) from the 258 
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CALIPSO lidar (see section 2.2) to constrain the ice cloud retrieval more tightly than a radar-259 
only product that is also available but not used in this study. The microphysically-constrained ice 260 
water path (IWP-MP) (g m-2) is also read in from the 2C_ICE data sets and used in the analysis. 261 
The centroid or center-of-gravity of IWC (ZIWC) is calculated by weighting the altitude of the 262 
CloudSat layers (Z) by the IWC (Jiang et al., 2018).  Mathematically,  263 
 264 𝑍ூௐ஼ = ෍ 𝐼𝑊𝐶ሺ𝑘ሻ ∙ 𝑍ሺ𝑘ሻ௞మ௞భ ෍ 𝐼𝑊𝐶ሺ𝑘ሻ௞మ௞భ൘  

 265 
where the summations start at the above-ground CloudSat layer with the highest value of  Ze 266 
(K1) and end with the highest CloudSat cloud layer (K2).   Similarly, the centroid of radar 267 
reflectivity (called Zre here but the center of gravity by Storer et al., 2014) is calculated by 268 
weighting Z by the radar reflectivity (Ze).  Mathematically,  269 
 270 
 271 𝑍௥௘ = ෍ 𝑍௘ሺ𝑘ሻ ∙ 𝑍ሺ𝑘ሻ௞మ௞భ ෍ 𝑍௘ሺ𝑘ሻ௞మ௞భ൘  

 272 
where the summation starts at the above-ground CloudSat layer with the highest value of  Ze 273 
(K1), ends with the highest CloudSat cloud layer (K2), and only includes layers for which  Ze is 274 
greater than zero.  275 
 276 
The metrics ZIWC and Zre are used to assess the intensity of deep convective systems sampled by 277 
CloudSat and CALIPSO.  In order to compare the intensity of systems, representative values of 278 
ZIWC and Zre were determined for each deep convective system observed by CloudSat during the 279 
2012-2017 time period.  The CloudSat algorithm determines the cloud type using information 280 
that includes the maximum Ze measured by the CPR, the presence of precipitation, the 281 
temperature profile, and the height of surface topography (Marchand et al., 2008; Sassen and 282 
Wang, 2008).  Only profiles with clouds typed as deep convective are used in this study.  Deep 283 
convective clouds were present in 3% of CloudSat profiles over Amazonia (Dodson et al., 2018).  284 
A deep convective system is defined here to consist of five or more adjacent CloudSat profiles 285 
that contain at least one layer that is typed as deep convective by CloudSat.  However, the 286 
adjacency requirement is waived if two groups of deep convective retrievals are separated by just 287 
one retrieval that does not contain a deep convective layer.  In that instance, the two groups are 288 
combined into one system.  The location of each system is obtained by averaging the latitude and 289 
longitudes of individual profiles within the system.  Similarly, representative values of 290 
convective metrics, including ZIWC and Zre, are obtained for each system by averaging values 291 
from the individual retrievals.  Means are used instead of maxima because maxima are sensitive 292 
to the number of profiles in a system, which varies significantly between convective systems.   293 
 294 
2.2 CALIPSO Products 295 
 296 
In addition to the CloudSat radar, the companion satellite CALIPSO (Winker et al., 2009; 2010) 297 
contains a lidar (Hunt et al., 2009) for use in examining the properties of clouds and aerosols in 298 
detail.  In this study, information from CALIPSO is incorporated into the estimate of IWC and 299 
IWP (see section 2.1) and is critical in estimating the type of aerosol present when deep 300 
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convective systems develop.  In this study, we used both daytime and nighttime v4.2 Lidar Level 301 
2 CALIPSO aerosol types (Kim et al., 2018).  Important CALIPSO variables used in estimating 302 
the aerosol type are the Level 1 estimated particulate depolarization ratio (𝜹p) and the Level 1 303 
532 nm integrated attenuated backscatter (𝝲’) (Kim et al., 2018).  𝝲’is useful for determining how 304 
much aerosol is present in an aerosol layer, while 𝜹p is useful for determining the sphericity of 305 
aerosol particles. The depolarization ratio increases with the fraction of non-spherical particles in 306 
an aerosol layer.  Over land, CALIOP layers with 𝜹p > 0.20 are assumed to be Dust, while layers 307 
with 0.075 < 𝜹p < 0.20 are assumed to be Polluted Dust.  Layers over land with 𝜹p < 0.075 and 𝝲’ 308 
< 0.0005 are assumed to be Clean Continental, while layers with 𝜹p < 0.075 and 𝝲’ > 0.0005 are 309 
assumed to be Elevated Smoke if the top of the aerosol layer (Ztop) is located above 2.5 km and 310 
Polluted Continental Smoke (PCS) for Ztop < 2.5 km.  A small percentage of grid boxes in the 311 
northeastern portion of the study region are located over water.  See Kim et al. for more details 312 
on how aerosol typing is done for these retrievals.  While considerable effort has gone into 313 
evaluating and refining CALIOP aerosol types (e.g., Mielonen et al., 2009; Papagiannopoulos et 314 
al., 2016), the information available to discriminate aerosol types is limited.  For example, the 315 
only difference between Polluted Continental Smoke and Elevated Smoke is the altitude of the 316 
aerosol layer, while the only difference between Dust and Polluted Dust is the value of 𝜹p.  317 
 318 

 319 
Figure 2. Time series showing percent of CALIOP shots that are low-energy as a function of 320 
month over the 2016-2017 time period.  Values are shown for eighteen 5° × 5° grid boxes within 321 
the Amazon Basin.  The percents shown in the upper left of each plot are means over the August 322 
2016 – December 2017 time period.  323 
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Since mid-2016, an increasing percentage of the pulses emitted by the CALIPSO lidar have been 324 
low energy due to pressure losses in the canister housing the laser (Tackett et al., 2022).  Low 325 
energy CALIPSO retrievals, i.e., retrievals with energies of less than 0.08 J,  occur most 326 
frequently in the South Atlantic Anomaly, a high radiation region that includes the southern 327 
portion of the Amazon Basin.  Low-energy shots were rare in the Amazon Basin until August 328 
2016.  Figure 2 shows the time series of the low-energy shot frequency for 5° × 5°  regions in the 329 
Amazon Basin over the 2016-2017 time period.  For the August 2016 to December 2017 period, 330 
the percentage of low-energy shots ranged from 20-30% in the northern portion of the Basin to 331 
40-55% in the southern portion of the domain.  By late 2017, the percentage of low-frequency 332 
shots was 30-50% in the northern Basin and 50-80% in the southern  Basin.  Low-energy 333 
CALIOP retrievals are of lower quality and are not used in this study as recommended by the 334 
CALIPSO team.  A minor consequence of the increase in low-energy shots is that the aerosol 335 
typing used in this study is biased towards 2012-2015 when more data are available.   336 
 337 
When possible, the dominant aerosol type is identified for each deep convective system using 338 
only high-energy (> 0.08 J), high-confidence extinction retrievals. As suggested by the 339 
CALIPSO team (Z. Liu et al., 2018; Tackett et al., 2018; Vaughan et al., 2009), we filtered the 340 
aerosol profiles to include extinction quality flags of  0 or 1, indicating semi-transparent aerosol 341 
layers and 16 or 18 indicating opaque aerosol layers (see section 5.3.1 of Tackett et al., 2018). 342 
We included layers with Cloud-Aerosol-Discrimination (CAD) scores between -100 and -20 343 
inclusive. CAD scores range from -100 to 100, with -100 indicating complete confidence that a 344 
feature is an aerosol and a value of 100 indicating complete confidence that a feature is a cloud.  345 
When possible, the CALIOP data set contains an estimate of the aerosol type for each layer.  In 346 
order to estimate the dominant aerosol type associated with each convective system, we extracted 347 
all nighttime and daytime CALIOP retrievals within the 1° × 1° grid box containing the system 348 
on the day of the system.  We then examined the aerosol type for all layers with pressures greater 349 
than 675 hPa.   The pressure threshold is set to 675 hPa, ~ 3 km for a convective boundary layer 350 
because the air from higher layers of the atmosphere is less likely to be ingested into a storm and 351 
affect its development.  The most common aerosol type was then assumed to be representative of 352 
the grid box and convective system.   One of the caveats of this simplistic approach for 353 
determining the aerosol type associated with each system is that it does not consider the amount 354 
of aerosol in each layer,  intra-day variations in aerosol type, the impact of multiple aerosol 355 
layers of different types, or give weight to variations in the horizontal resolution (5, 20, or 80 356 
km) of the retrieved layers.  357 
 358 
Using the  v4.2 CALIPSO AOD retrieved for each aerosol layer, we determined aerosol loading 359 
by dust and smoke.  By summing the AOD values for lower tropospheric layers typed as 360 
Polluted Dust, Dust, and Dusty Marine, an estimate of the AOD due to dust was obtained for 361 
each profile (AOD_Dust). By summing the AOD values for layers typed as Elevated Smoke and 362 
PCS, each profile obtained an estimate of the AOD due to smoke (AOD_Smoke). The sums from 363 
all profiles on a given day were averaged to obtain an estimate of the AOD due to smoke and 364 
dust on that day.  The time series of two-week mean AOD_Dust and AOD_Smoke for the 2012-365 
2017 time period are shown later in this manuscript (see Figure 3 described in section 3.1).  366 
 367 
2.3 Thermodynamic metrics 368 
 369 



9 
 

CAPE, an indicator of the instability of the atmosphere, was used to identify large-scale 370 
environments favorable for the development of intense storms with lightning (N. Liu et al., 371 
2020).  CAPE is often used in conjunction with other variables, such as updraft velocity (Choi et 372 
al., 2005) or precipitation (Romps et al., 2014), to estimate flash rates.  Gridded hourly values of 373 
CAPE are available at 0.25° × 0.25°  resolution from the ERA5 reanalysis (Hersbach et al., 374 
2020) that was produced by blending ECMWF forecasts with observations using four-375 
dimensional variational data assimilation.  For each deep convective system, CAPE was 376 
extracted in the 1° × 1°  grid box containing the system for the three-hour period ending at the 377 
time of the CloudSat overpass.  The maximum of the three-hourly values was taken, assumed to 378 
be representative of the thermodynamic environment, and will be used in this analysis.   379 
 380 
The intensity of deep convective storms also varies with lower tropospheric static stability and 381 
mid-tropospheric relative humidity (RH) (Wall et al., 2014), which is defined here as the mean 382 
RH of deep convective cloud layers between 3 and 7 km above mean sea level (MSL).   383 
Temperature and RH profiles corresponding to the CloudSat cloud profiling bins were read from 384 
version P1_R05 of the ECMWF-AUX data set (Cronk and Partain, 2017).   385 
 386 
2.4 Metrics of aerosol loading  387 
Information on the total column aerosol amount over Amazonia was obtained from the Aerosol 388 
Robotic Network (AERONET) (Andreae et al., 2015; Esteven et al., 2019; Holben et al., 2001; 389 
Palacios et al., 2022) and version 2 of the Modern-Era Retrospective analysis for Research and 390 
Applications (MERRA-2) (Gelaro et al., 2017).  391 
 392 
AERONET is a ground-based remote sensing aerosol network that provides column aerosol 393 
optical depth (AOD) data at numerous global locations.  The network has 9 locations with 394 
extensive Amazon Basin data during the 2012-2017 time period (Table 1).  This study uses 395 
version 3 AERONET AOD values with Spectral Deconvolution Algorithm (SDA) Retrieval 396 
Level 2.  These values are cloud-cleared and quality assured with pre-field and post-field 397 
calibrations applied.  The seasonality of aerosol optical properties over the Amazon is discussed 398 
in Schafer et al. (2008). They find low concentrations of aerosols throughout the Basin during 399 
the first half of the year with dramatic increases, especially in the southern forested region and 400 
the adjacent cerrado (woodland/savanna) region to its east, with the onset of the burning season 401 
in September.  402 
 403 
The MERRA-2 system includes the Goddard Chemistry, Aerosol, Radiation and Transport 404 
(GOCART) model (Chin et al., 2002)  integrated into version 5 of the Goddard Earth Observing 405 
System Model  (GEOS-5) and an assimilation system that assimilates meteorological parameters 406 
as well as aerosols (Buchard et al., 2017).  Aerosol products that are assimilated include aerosol 407 
optical depth (AOD) from Advanced Very High-Resolution Radiometer (AVHRR), MODIS 408 
(Remer et al., 2008), Multi-angle Imaging Spectro-Radiometer (MISR) (Kahn et al., 2005) over 409 
bright surfaces, and AERONET (Randles et al., 2017).  The distribution of organic carbon, black 410 
carbon, sea salt, dust, and sulfate aerosols is output by the MERRA-2 system.  Hourly 0.625° × 411 
0.5° horizontal resolution MERRA-2 AOD was used in this study (GMAO, 2015). For each deep 412 
convective system, the MERRA-2 AOD was extracted at the location of the centroid of the 413 
system in the hour containing the CloudSat/CALIPSO overpass and is assumed to be 414 
representative of the system.  It is important to note that the MERRA-2 AOD is a total column, 415 



10 
 

which includes the stratosphere.  Thus, the MERRA-2 column could be impacted by 416 
stratospheric aerosols that are unlikely to be ingested into a convective storm.  417 
 418 
 419 
Table 1. AERONET sites used in this analysis.   420 
 421 
Location Longitude Latitude First Day with 

Observations 
Last Date with 
Observations 

Daysa Obsb 

Huancayo-IGP 75.32° W 12.04° S Mar 20, 2015 Dec 30, 2017 298 11990 
Rio Branco 67.87° W 9.96° S Jan 16, 2012 Oct 30, 2017 347 3875 
Ji Parana SE 61.85° W 10.93° S Jan 1, 2012 Dec 29, 2017 379 4073 
Manaus 
EMBRAPA 

59.97° W 2.89° S Jan 1, 2012 Dec 28, 2017 337 3049 

ARM 
Manacapuru 

60.60° W 3.21° S Dec 20, 2013 Nov 30, 2015 83 835 

Amazon ATTO 
Tower 

59.00° W 2.14° S Mar 10, 2016 Dec 29, 2017 149 1116 

Greater 
Manausc 

59.86° W 2.78° S Jan 1, 2012 Dec 29, 2017 429 5000 

Alta Floresta 56.10° W 9.87° S Jan 28, 2012 Dec 31, 2017 406 3915 
Cuiaba-Miranda 56.07° W  15.73° S Jan 3, 2012 Dec 30, 2017 394 4158 
Brasilia-
SONDA 

47.71° W 15.60° S Sep 16, 2015 Dec 7, 2016 107 1119 

aDays refers to the number of days during 2012-2017 with observations during the pre-monsoon 422 
period  423 
b Obs refers to the number of observations during the pre-monsoon period 424 
c Greater Manaus is a fictional site created using measurements from the Manaus EMBRAPA 425 
site, the ARM Manacapuru site that was active during the GoAmazon experiment (Martin et al., 426 
2017), and the Amazon Tall Tower Observatory (ATTO) that has been active since March 2016 427 
(Andreae et al., 2015). The ATTO tower is upwind of the city of Manaus (>1 million 428 
population).  EMBRAPA is in/near the city, and the ARM site was downwind of the city.   429 
 430 
2.5 Precipitation and Lightning Products  431 
 432 
Precipitation data were taken from the Integrated Multi-satellitE Retrievals for Global 433 
Precipitation Mission (IMERG) (Huffman et al., 2019, 2020).  The IMERG algorithm merges 434 
intercalibrated estimates of precipitation from passive microwave and infrared sensors aboard the 435 
Tropical Rainfall Measuring Mission (TRMM, 2000-2014) and Global Precipitation Mission 436 
(GPM, 2014-present) satellites, precipitation gauges, and other sources to estimate the rain rate at 437 
a 30-minute temporal and 0.1° × 0.1° horizontal resolution.  In this application, we use the 438 
gridded L3 research quality final product, which has been calibrated using monthly rain gauge 439 
data.  For use with other products, the 0.1° × 0.1° 30-minute resolution IMERG precipitation was 440 
aggregated onto a 1° × 1° grid over the 2012-2017 time period 441 
 442 
Lightning flashes were provided by the South American VLF long-range lightning detection 443 
network known as Sferics Timing and Ranging Network (STARNET) (Morales-Rodriguez et al., 444 
2014). STARNET is a ground-based network composed of 13 VLF sensors distributed over 445 
South America (9 sensors), North America (1), the Caribbean (1), and Africa (2) that measure 446 
sferics (radio noise emitted by lightning discharges). To determine the lightning location,  447 
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STARNET uses the arrival time difference (ATD) method that requires at least four sensors 448 
(Morales-Rodriguez et al., 2014).  This lightning network detects mostly cloud-to-ground strokes 449 
of both polarities that are clustered into flashes using a time and space constraint proposed by 450 
Cummins et al. (1998), i.e., 1 second and 15-km.  STARNET has a stroke detection efficiency of 451 
35% (~70% for flashes) and a location error varying from 2 to 5 km over South America 452 
(Morales-Rodriguez et al., 2014).  In this analysis, there is no adjustment for detection 453 
efficiency, and all flashes are included regardless of the value of the quality control flag. For 454 
most applications, flashes for the 2012-2017 time period are read in for each day and gridded at a 455 
10-minute temporal and a 0.1° × 0.1°  horizontal resolution.  For comparison with IMERG 456 
precipitation and other variables, STARNET flashes were accumulated over 30-minute periods 457 
and aggregated onto the same 1° × 1° grid.   458 
 459 
3 Results  460 
 461 
3.1 Climatological variations in variables of interest over the Amazon Basin 462 
 463 

 464 
Figure 3.  Time series showing bi-monthly mean values of MERRA-2 AOD (3a: solid black line 465 
), CALIOP AOD from dust (3a: dotted black line), CALIOP AOD from smoke  (3a: dashed 466 
black line), ERA5 CAPE (3a: solid blue line), CloudSat Zre (3b: solid black line), CloudSat and 467 
CALIPSO-based IWP (3b: solid blue line), IMERG precipitation (3b: dotted black line), and 468 
STARNET flashes (3b: dashed blue line).  Time series created using observations on days in 469 
2012-2017 with CloudSat and CALIPSO retrievals in Amazon Basin.  Methods of obtaining 470 
daily values of AOD_Smoke and AOD_Dust described in section 2.2. Daily CAPE values 471 
obtained by taking 90th PCTL of three-hour maximum values (17-19 UT) over Basin.  Daily 472 
flash values obtained by summing flashes over Basin during 10-minute time period that contains 473 
CloudSat overpass. Daily precipitation values are mean precipitation rates over Basin during 30-474 
minute time periods containing CloudSat overpass.  Daily AOD values are mean values over 475 
Basin during one-hour time period containing CloudSat overpass. Daily Zre values are mean 476 
values of Zre for deep convective systems observed that day over Basin.   Daily IWP values 477 
obtained by taking maximum of mean IWP values for CloudSat-CALIPSO profiles of deep 478 
convective systems within Basin.   479 
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 480 
Figure 3a shows seasonal variations of CAPE and AOD; variables that affect the intensity of 481 
deep convection, while Figure 3b shows variations in metrics of convective intensity, specifically 482 
IWP, the centroid of Ze (Zre), precipitation, and flashes. The mean values of CAPE range from 483 
460 J kg-1 during July to 1960 J kg-1 at the beginning of the wet season in early December.  In 484 
general, CAPE increases between July and December; however, it has a secondary peak during 485 
late August and early September, likely explaining a secondary maximum in precipitation 486 
observed during the same period.  AOD is lowest during March and remains low through July.  It 487 
then increases from August through September and remains high until the onset of the wet 488 
season in December.  AOD from low-level smoke exceeds AOD from low-level dust by about 489 
60%.  Thus, the AOD seasonal cycle is driven by smoke, which is at a minimum in late June and 490 
maximizes in late September.  The distributions of IWP and Zre are very similar because the IWC 491 
values used in the integration to obtain IWP were derived from a combination of Ze and the 492 
CALIPSO lidar attenuated backscatter (Deng et al., 2013).  With the exception of rainfall, the 493 
convective intensity metrics have minima during the dry season (late July), increase through the 494 
early pre-monsoon period, and decrease slowly during the latter portion of the pre-monsoon 495 
season.  Precipitation is also lowest during July, but it shows a broad maxima during the wet 496 
season and the aforementioned peak in late July and early August.  497 
 498 
3.2 Sensitivity of precipitation and flash rates to CAPE and aerosol loading 499 
 500 

  501 
 502 
Figure 4. Probability distribution functions showing the percent of the 450 1° × 1° Amazon 503 
Basin grid boxes during August 16 – October 15 of 2012 - 2017 (pre-monsoon I) with changes in 504 
MERRA-2 AOD (a), ERA5 CAPE (b), IMERG precipitation (c), and STARNET flashes (d) 505 
between the ranges specified on the x axes between clean and dirty 30-minute periods.  The 506 
colors show the contribution of each of the nine 10° in longitude × 5° in latitude regions to the 507 
overall change.  Only periods with non-zero flashes and rainfall are considered.   The percent 508 
changes are obtained by dividing the median difference of the quantity between the clean and 509 
dirty periods by the median value during the clean period.  510 
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Contrasts in AOD, CAPE, rain rate, and lightning flashes between 30-minute periods with low- 511 
and high-aerosol loading (clean and dirty periods) were examined for the pre-monsoon period 512 
using time series of MERRA-2 AOD, ERA5 CAPE, IMERG precipitation, and STARNET 513 
flashes for each of 450 1° × 1° grid boxes within the Amazon Basin. Time series of precipitation 514 
and flashes were calculated by averaging 0.1° × 0.1° gridded values over 30-minute periods.  515 
The archived temporal resolution of ERA5 CAPE and MERRA-2 AOD is one-hour.  Values for 516 
30-minute periods were obtained by replicating hourly values obtained by averaging values from 517 
ERA5 and MERRA-2 grid boxes within the 1° × 1° grid boxes.  The resulting time series for 518 
each of the 450 grid boxes were then filtered to remove periods without flashes and also periods 519 
with precipitation rates of less than 0.001 mm hour-1.   520 
 521 
Figures 4a-d are probability distribution functions showing median changes in AOD, CAPE, 522 
precipitation, and lightning flashes between clean and dirty 30-minute periods during the pre-523 
monsoon I (August 16 – October 15) time period.  The analysis was limited to 30-minute periods 524 
with rain rates exceeding 0.001 mm hr-1 and flashes.  Each bar shows the percent of the 450 1° × 525 
1° grid boxes with changes between the values specified on the x-axes.  The colors of the bars 526 
show the relative contribution of various 5° × 5° geographical regions to the total percent.  The 527 
30th and 70th percentiles of AOD over the Amazon Basin during these periods (0.15 and 0.29) 528 
were used as the thresholds between clean, moderate, and dirty periods (Altaratz et al., 2017).  529 
By definition, the change in AOD must be positive, as AOD was used in separating clean and 530 
dirty periods.  Overall, the median AOD when dirty was 316% greater than the median AOD 531 
when clean.  The median increase in CAPE between clean and dirty periods was a relatively 532 
small 123 J / kg  (8%), with positive changes over 69% of the Basin.  Overall, the median rain-533 
rate increased by 0.15 mm hr-1 (65%), with 89% of the Basin having more rain when dirty.  534 
Increases in rain rate were greatest and most spatially coherent in the east-central portion of the 535 
domain (not shown).  The median flash rate increased by a relatively modest 5.7 flashes (23%), 536 
with a large percentage (74%) of the Basin having more flashes when dirty.  Increases in flash 537 
rate were greatest and mostly spatially coherent in the northern portion of the domain.  The 538 
values quoted above were obtained using fields from all hours of the day. In order to determine if 539 
the results were an artifact caused by diel variations, the changes were also determined by sorting 540 
the fields into three-hour bins (00-03 UT, 03-06 UT, etc.) and re-calculating the changes.  When 541 
this was done, the change in CAPE during the eight periods ranged from 69 to 157 J kg-1 (6-542 
13%), the change in precipitation ranged from 0.08 to 0.16 mm hr-1 (59-108%), and the change 543 
in flashes ranged from 2.1 to 8.5 (16 – 32%). In order to test the sensitivity of the results to the 544 
method used to determine the aerosol thresholds, the changes were also determined using 545 
separate seasonal AOD thresholds for each grid box as opposed to one seasonal threshold for the 546 
Basin.   When this was done, the median change in AOD was 0.34 (267%), the median change in 547 
CAPE was 44 J kg-1 (3%), with 56% of the domain having positive changes, the median change 548 
in precipitation was 0.13 mm hr-1 (54%) with 92% of the grid boxes having positive changes, and 549 
the median change in flashes was 4.2 (17%) with 70% of the grid boxes having positive changes.  550 
Thus, regardless of how the AOD threshold is specified, precipitation rates were 50-100% higher 551 
and flashes 15-30% higher during the mid-August to mid-October period when AOD was 552 
enhanced.  The change in CAPE during this period was relatively modest (3-13%), suggesting 553 
that changes in AOD were responsible for much of the increases in precipitation and flashes.   554 
 555 
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The sensitivity of precipitation and flashes to aerosol loading was also examined during the latter 556 
portion of the pre-monsoon season (October 16 – December 15) and found to be less clear.  557 
During this period, the median change in AOD was 0.32 (287%), the median change in CAPE 558 
was 653 J kg-1 (52%), the median change in precipitation was 0.05 mm hr-1 (14.3%), and the 559 
median change in flashes was 2.1 (8.6%).  Thus, during the pre-monsoon-II season, the main 560 
difference between the clean and dirty periods was a 52% increase in CAPE, which is certainly 561 
large enough to explain the modest increases in precipitation and flashes regardless of the aerosol 562 
loading.    During this period, changes in precipitation and flashes were relatively modest, and 563 
hours with enhanced AOD often also had enhanced CAPE, making it impossible to detect an 564 
aerosol signal.  The sensitivity of rain- and flash rates to aerosols during pre-monsoon I when the 565 
mean value of CAPE was 1067 J kg-1 but not pre-monsoon II when the mean value was 1788 J 566 
kg-1 (see Figure 3) suggests that convective intensity is more sensitive to aerosol loading when 567 
values of CAPE are relatively low.  568 
 569 

 570 

 571 

 572 
Figure 5. IMERG precipitation as a function of CAPE and AOD at each of the seven 573 
AERONET sites as well as the mean of the seven sites.  Site-specific values of the 30th and 70th 574 
PCTLs of CAPE over the 12-18 UT period and AERONET AOD over the same period were 575 
used to partition days into nine bins  containing low-, moderate-, and high values of CAPE and 576 
AOD (y-axis).  Mean precipitation rates (mm day-1 averaged over 0.9° × 0.9° region) for each of 577 
these bins are shown for each site as well as the overall mean.  The mean ratio of precipitation on 578 
high-CAPE days to low-CAPE days was 5.9, while the ratio of precipitation on high-AOD days 579 
to low-AOD days was 0.9.   580 
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 581 

 582 

 583 

 584 
Figure 6. STARNET flashes for 0.9° × 0.9° regions containing each AERONET site plus the 585 
mean as a function of CAPE and AOD using the same bins as Figure 5.  The mean ratio of 586 
flashes on high-CAPE days to low-CAPE days was 7.0, while the ratio of flashes on high-AOD 587 
days to low-AOD days was 2.0.  588 
 589 
In order to further investigate the relationship between CAPE, AOD, precipitation, and flashes, 590 
the sensitivity of rain- and flash rates to CAPE and aerosol loading was examined for 0.9° × 0.9°  591 
regions centered on the AERONET sites (see Figure 1) using AOD measurements during the 592 
pre-monsoon time period.  The unusually sized regions were chosen to be similar in size to the 593 
1° × 1°  regions used for our earlier analysis and are comprised of 81 0.1° × 0.1° grid boxes with 594 
the AERONET site in the middle.  The ARM_Manacapuru, Manaus_EMBRAPA , and 595 
Amazon_ATTO_Tower sites are located close together and combined into a Greater Manaus 596 
data set for analysis.  For each of the six actual sites and the Greater Manaus site  (see Table 1), 597 
AOD measurements taken between 120000 (HHMMSS) UT and 175959 UT were read in and 598 
averaged to obtain representative values for each day.  The daily values were then sorted with the 599 
highest 30% of the days at each site classified as high-AOD days, the lowest 30% classified as 600 
low-AOD days, and the remainder classified as moderate-AOD days (see Table 2).  For each 601 
site, hourly values of CAPE were then extracted from ERA5 for 12-18 UT.  Maxima of the seven 602 
hourly values were then determined for each day with AERONET data, and the maxima were 603 
sorted and binned in the same manner as the AOD to define low-CAPE, moderate-CAPE, and 604 
high-CAPE days. For each day, the STARNET flashes were summed and IMERG rain-rates 605 
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were averaged over 0.9° × 0.9°  regions centered on 0.1° × 0.1°  grid boxes containing the sites 606 
to obtain representative values of precipitation and flashes.   607 
 608 
Figures 5 and 6 show rain- and flash-rates for each of the nine AOD/CAPE bins.  The values 609 
were constructed using observations during the pre-monsoon periods of 2012-2017.  When 610 
controlling for AOD, precipitation increased by a factor of 3.9 between periods with low-and-611 
moderate CAPE and by an additional factor of 1.4 between periods with moderate-and-high 612 
CAPE.   The mean rain rate on high-CAPE days exceeded the mean rain rate on low-CAPE days 613 
by a factor of 5.9 with large regional variations, especially in the eastern Basin, near CUIABA-614 
MIRANDA and Brasilia SONDA, where rain-rates were near zero on low-CAPE days but much 615 
higher on high-CAPE days resulting in extremely high ratios (see Table 3).  The sensitivity of 616 
precipitation to AOD was relatively small with a factor of 2 site-to-site variations in the ratio 617 
between high-AOD and low-AOD periods that may be just noise.  Specifically, the mean high-618 
AOD to low-AOD precipitation ratio was 0.9, with values ranging from ~0.6 for southwestern 619 
sites (Huancayo-IGP, Rio Branco, Ji Parana, and CUAIBA-MIRANDA) to 1-1.3 for the other 620 
sites (Table 3).  When the ratios were re-calculated using observations from the six-hour period 621 
(1500-2059 UT) with the most flashes, the dependence on CAPE increased, and a hint of a weak 622 
dependence on aerosol loading emerged.  Specifically, the mean ratio of precipitation between 623 
high-CAPE and low-CAPE periods increased from 5.9 to 10, while the mean ratio of 624 
precipitation between low-AOD and high-AOD periods increased from 0.9 to 1.2.  625 
 626 
In the mean, flashes increased by a factor of 7.0 between periods with low-CAPE and periods 627 
with high-CAPE with a factor of 4.6 increase between periods with low-and-moderate CAPE and 628 
an additional factor of 1.5 increase between periods with moderate-and-high CAPE.  When 629 
controlling for CAPE, flashes increased by a factor of 1.3 between periods with low-and-630 
moderate AOD and by an additional 1.6 between periods with moderate-and-high-AOD.  The 631 
slightly larger percent increase between moderate-and-high AOD loading than between low-and-632 
moderate is surprising as several studies show that flash rates tend to level off or decrease with 633 
AOD for larger values of AOD; however, the result may not be noise as it is supported by results 634 
at 4 of the sites (Rio Branco, Ji Parana SE, Alta Floresta, and Brasilia) and contradicted by 635 
results at only one of the sites (Manaus).   The mean dependence of flash rate on AOD was 636 
largest for low values of CAPE; however, that result is driven by Alta Floresta, where the mean 637 
flash rate was a very high 338 flashes per day per 0.9° × 0.9°  grid box when AOD and CAPE 638 
were high.  When that site is excluded, the dependence of flash rate on AOD was actually largest 639 
on days with high CAPE.  Flash rates on high-AOD days exceeded flash rates on low-AOD days 640 
at all seven sites, with the mean ratio equaling 2.0 and local ratios varying modestly from 1.5 at 641 
Huancayo-IGP to 2.3 for Greater Manaus and Brasilia SONDA (Table 3). When the ratios were 642 
re-calculated using observations from the six-hour period (1500-2059 UT) of highest flashes, the 643 
ratio of flashes between high-CAPE and low-CAPE days increased from 7.0 to 9.7 while the 644 
ratio of flashes between low-AOD and high-AOD days increased from 2.0 to 2.3.  Thus, rain- 645 
and flash rates increase by a factor of 6-10 between low-CAPE and high-CAPE days.   Flash 646 
rates are also sensitive to AOD increasing by approximately a factor of 2 at all sites between 647 
low-AOD and high-AOD days.  However, precipitation response to AOD is mixed with 648 
increases more likely during periods and at locations where a relatively high percentage of the 649 
rain came from thunderstorms, such as the eastern portion of the domain and 15-21 UT.  650 
 651 
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Table 2. Mean 2012-2017 rainfall and flashes during the pre-monsoon period plus percentiles of 652 
CAPE and AOD used in classifying days as clean or dirty.  653 
 654 
Site Precip Flashes CAPE CAPE AOD AOD 

 Daily Mean 
mm 30 min-1 for 
0.9° × 0.9° box 
that includes site 

Daily mean 
total for the same 
box 

PCTL30a

J kg-1  
PCTL70 a 
J kg-1 

PCTL30a 

Unitless 
PCTL70a

Unitless 

Huancayo-IGP 1.1 56 8 812 0.07 0.12 

Rio Branco 2.5 181 795 1813 0.21 0.45 

Ji_Parana_SE 2.4 223 678 2102 0.24 0.53 
Greater Manaus 2.7 264 661 1641 0.21 0.37 

Alta Floresta 3.7 297 639 1985 0.25 0.51 

CUIABA-
MIRANDA 

1.8 288 169 1530 0.21 0.47 

Brasilia 
SONDA 

3.1 276 2 1051 0.12 0.23 

aPCTLxx refers to xxth percentiles of ERA-5 CAPE or AERONET AOD at each site 655 
 656 
Table 3.  Ratios of precipitation and flashes between periods with high-CAPE and low-CAPE 657 
and between periods with high-AOD and low-AOD  658 
  659 
 High CAPE / Low CAPE (Unstable / Stable)a  

 
High AOD / Low AOD (Dirty / Clean)b

Site Precipitation Ratio 
 

Flash Ratio 
 

Precipitation Ratio Flash Ratio 

Huancayo-IGP 5.1 4.3 0.57 1.5 

Rio Branco 3.7 11 0.67 2.0 

Ji_Parana_SE 3.9 6.1 0.67 1.8 

Greater Manaus 6.1 4.6 1.3 2.3 

Alta Floresta 3.3 2.5 1.0 2.2 

CUIABA-
MIRANDA 

20. 200 0.72 1.9 

Brasilia 
SONDA 

81 12 1.1 2.3 

Mean 5.9 7.0 0.89 2.0 

aHigh (Low) CAPE days are days when CAPE exceeds (is less than) the 70th (30th) percentiles 660 
given in Table 2.   661 
b High (Low) AOD days are days when AOD exceeds (is less than) the 70th (30th) percentiles 662 
given in Table 2.   663 
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 664 
3.3 Analysis using MERRA-2 AOD and CloudSat and CALIPSO profiles. 665 
 666 
The effects of thermodynamics and microphysics on the vertical structure of deep convective 667 
events are now examined using median distributions of Ze and mean distributions of IWC for 668 
deep convective systems sampled by CloudSat and CALIPSO over the Amazon Basin during the 669 
pre-monsoon period (see also Chen et al., 2016).  As before, representative profiles are obtained 670 
after separating the profiles into three instability bins using 30th and 70th percentiles of ERA5 671 
CAPE (990 and 1959 J kg-1) and three aerosol-loading bins using 30th and 70th percentiles of 672 
total column MERRA-2 AOD (0.144 and 0.256).  The methods used to obtain representative 673 
values of CAPE and AOD for each deep convective system are described in sections 2.3 and 2.4. 674 
 675 

 676 
Figure 7. Median vertical profiles of Ze (dBZ) for deep convective systems over the Amazon 677 
Basin during the pre-monsoon time period as a function of ERA5 CAPE and MERRA-2 AOD.  678 
The bins for CAPE are CAPE < 990 J / kg, 990 J / kg < CAPE < 1959 J / kg, and CAPE > 1959 J 679 
/ kg).  The bins for aerosol are AOD < 0.144, 0.144 < AOD < 0.256, and AOD > 0.256.  For 680 
each of the bins, the mean value of Ze between 11 and 14 kms (e.g., -21.8 dBZ for clean low-681 
CAPE conditions) and the altitude of the -10 dBZ contour (e.g., 13.9 km for dirty high-CAPE 682 
conditions) are shown.   683 
 684 
Figure 7 shows the median vertical profiles of Ze for deep convective systems observed over the 685 
Amazon Basin during the pre-monsoon season.  The figure contains nine Ze profiles representing 686 
three-levels of instability based on CAPE and three-levels of aerosol loading based on AOD.  687 
The mean Ze for all nine AOD / CAPE bins is ~ 8 dBZ at 7 km.  The profiles diverge for 688 
altitudes above 7 km due to differences in hydrometeor loading and also because the radar signal 689 
in the upper troposphere is less subject to contamination via attenuation and multiple scattering 690 
(Protat et al., 2009).  The mean Ze for low-CAPE clean profiles decreases rapidly between 7 and 691 
10 km, while the mean Ze for high-CAPE dirty profiles increases slightly between 7 and 10 km.  692 
Profiles for intermediate levels of CAPE and AOD fall in between the extrema.  The different 693 
behaviors arise from the sensitivity of the Ze profile in the mixed phase region to hydrometeor 694 
size and phase.  Specifically, Ze is higher for water than for ice and higher for large 695 
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hydrometeors such as hail or graupel than small hydrometeors.  Zipser and Lutz (1994) found 696 
that vertical profiles of Ze for tropical continental storms show a free-troposphere maxima and 697 
then decrease gradually with height above the freezing layer.  In the mixed phase region, 698 
Heiblum et al. (2017) found that Ze diminished by 3.5-5 dBZ / km over land where aerosols were 699 
plentiful.  These Ze profiles show maxima between 5 and 9 km and diminish by 1.3 dBZ / km 700 
between 8 and 11 km for dirty high-CAPE profiles to 5.5 dBZ / km between 8 and 11 km for 701 
clean low-CAPE profiles.  702 
 703 

 704 
Figure 8.  Rain- and flash-rates for low-, moderate-, and high- bins of CAPE and AOD.  The 705 
solid black line with asterisks (pluses) shows the percent of deep convective systems with 706 
lightning (rain).  The dashed blue line with asterisks shows the median flash count (30-minute 707 
sum of flashes over 0.3° × 0.3°  region) for systems with non-zero flashes, while dotted blue line 708 
with asterisks shows median flash count for all systems.  Dashed blue line with pluses shows 709 
median rain-rate (mm 30 min-1 averaged over a 0.3° × 0.3°  region) for systems with non-zero 710 
flashes, while dotted blue line with asterisks shows the rain rate for all systems.   711 
 712 
The mean value of Ze in the 11-14 km range varied from -21.8 dBZ for clean low-CAPE profiles 713 
to 1.5 dBZ for dirty high-CAPE profiles.  The altitude of the -10 dBZ contour is usually in this 714 
range and varies from 11.0 km for clean low-CAPE profiles to 13.9 km for dirty high-CAPE 715 
profiles.  Controlling for CAPE, the increase in altitude from clean to dirty conditions averages 716 
1.7 km for low values of CAPE and 1.2 km for moderate-and-high values of CAPE.  Using the -717 
10 dBZ contour as an estimate of the cloud top height and further assuming that flash rates are 718 
proportional to the 4.9th power of cloud top height (Price and Rind, 1992), the 1.2-1.7 km 719 
difference in cloud height would correspond to a factor of 1.6-2.0 difference in flash rates 720 
between periods with low aerosol-loading and periods with high aerosol loading.  Figure 8 shows 721 
rain- and flash-rate statistics for convective systems in each of the nine CAPE and AOD bins.  722 
These systems were almost always accompanied by rain; however, the percent with lightning 723 
varied from 40% for low-CAPE low-AOD conditions to 83% for high-CAPE high-AOD 724 
conditions.  After controlling for CAPE, the percentage of systems with flashes increased from 725 
49% for low-AOD conditions to 78% for high-AOD conditions.  Similarly, the rain rate 726 
increased from 0.68 to 0.81 mm per 30 mins, and the flash count for flashing systems increased 727 
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from 3.3 to 12.0 flashes per 30 minutes per 0.9 × 0.9° grid box.  The factor of 3.6 increase in 728 
flashes is a factor of 2 larger than the expected value of 1.6-2.0 based on the differences in -10 729 
dBZ heights between clean and dirty systems.  This suggests that aerosol loading should also be 730 
considered when developing flash rate parameterizations for use in chemical transport and 731 
climate models (e.g., Stolz et al., 2017). The relationship between flashes and CAPE is noisier.  732 
The percent of deep convective systems with lightning increases with CAPE; however, flash 733 
rates of flashing storms were only weakly dependent on CAPE.  Specifically, flash rates 734 
increased with CAPE for low- and moderate- values of AOD but decreased with CAPE for high 735 
values of AOD.  The surprising results are likely noise, given the volatility of flash rates and the 736 
relatively small sample size.  737 
 738 

 739 
Figure 9.  Mean vertical profiles of IWC for deep convective systems over the Amazon Basin 740 
during the pre-monsoon season with the same CAPE and AOD bins as in Figure 7.  For each of 741 
the nine bins, the altitude of the ZIWC centroid is shown.  742 
 743 
Mean values of Ze for all combinations of CAPE and AOD decrease with altitude between 11 744 
and 14 km.  The rate at which Ze decreases is associated with the type and concentration of cloud 745 
ice particles in the region.  Ze is proportional to the 6th power of hydrometeor size, and large 746 
hydrometeors fall out of updrafts more rapidly than smaller hydrometeors (Dodson et al., 2018).    747 
Thus, IWC is highly correlated with Ze (Heymsfield et al., 2016), with dirty high-CAPE profiles 748 
containing more ice likely as highly reflective hail or graupel (Dodson et al., 2018) than clean 749 
low-CAPE profiles. Mean vertical profiles of IWC for the nine CAPE/ AOD bins are shown in 750 
Figure 9.  After controlling for CAPE, the higher mean values of Ze and IWC for polluted 751 
conditions indicate that polluted storms contain stronger updrafts that are capable of transporting 752 
water droplets and large hydrometeors to higher altitudes (Chen et al., 2016; Morales-Rodriguez, 753 
2019).  The higher values also indicate that the aerosol availability for nucleation was large 754 
enough to keep the particle sizes small, allowing particles to be lofted as opposed to rained out.  755 
As expected from the Ze profiles, mean IWC increases consistently with both CAPE and AOD.  756 
For example, between 7 and 15 km, IWC is clearly lowest for clean low-CAPE profiles and 757 
clearly highest for dirty high-CAPE profiles.  At 10 km, the IWC under low-CAPE conditions 758 
equaled 0.30 g m-3 for clean conditions and 0.50 g m-3 for dirty conditions.  Similarly, under 759 
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moderate-CAPE conditions, IWC equaled 0.45 g m-3 and 0.65 g m-3, while under high-CAPE 760 
conditions it equaled 0.50 g m-3 and 0.73 g m-3.  Thus, after controlling for CAPE, IWC increases 761 
by 45-70% between low and high-AOD conditions, with larger increases observed under low-762 
CAPE conditions.  The difference in IWC between clean low-CAPE profiles and dirty high-763 
CAPE profiles is ~ a factor of 2.4, with mean IWC equaling 0.35 g m-3 for clean low-CAPE 764 
profiles and 0.83 g m-3 for dirty high-CAPE profiles. ZIWC increases by 1.5 km (18%) between 765 
clean low-CAPE profiles and dirty high-CAPE profiles, 1.0 km (12%) between  clean and dirty 766 
profiles, and 0.4 km (5%) between low- and high-CAPE profiles.  767 
 768 

 769 
Figure 10. Probability distribution functions of Zre (top row), ZIWC (second row), rain rate (third 770 
row), and flash rate (bottom row) for pre-monsoon profiles sampled under low-aerosol loading 771 
(MERRA-2 AOD < 0.14) (left column) and high-aerosol loading (MERRA-2 AOD > 0.26)  772 
(right column).  The mean and standard deviation are shown for each variable.  TT indicates that 773 
the difference is significant at the 99% confidence level, while FF indicates that the difference is 774 
insignificant at the 95% confidence level.  775 
 776 
Figure 10 compares the probability distribution functions of Zre, ZIWC, rain rate, and flash rate for 777 
deep convective systems sampled under low- and high-aerosol loading.  The method used to 778 
obtain representative values of Zre and ZIWC for individual convective systems is discussed in 779 
section 2.1.  For precipitation, the values shown are the means over the Amazon Basin of rain 780 
rates during the 30-minute period that contains the overpass.  For flashes, the values shown are 781 
the means over the Amazon Basin of three ten-minute periods chosen so that the time of the 782 
overpass is in the middle period.  The mean Zre equals 6.6 ± 2.2 km for low AOD and 8.0 ± 2.5 783 
km for high-AOD, a difference that is significant at the 99% confidence level (CL).  Similarly, 784 
the mean ZIWC equals 8.3 ± 1.6 km for low AOD and 9.4 ± 1.9 km for high AOD, a difference 785 
that is also significant at the 99% CL.  The mean rain-rate increased from 1.03 ± 1.46 mm 30 786 
min-1 for low-AOD conditions to 1.20 ± 1.69 mm 30 min-1 for high-AOD conditions, a 17% 787 
increase that was not significant at the 95% CL due to the high variability in precipitation rates.   788 
Finally, the mean flash rate increased from 1.0 ± 8.1 flashes per 0.5° × 0.5° grid box per 30-789 
minutes for low-AOD conditions to 4.5 ± 15.2 flashes per 0.5° × 0.5° grid box per 30-minutes 790 
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for high-AOD, a difference that is significant at the 99% CL despite the high variability in flash 791 
rates.   792 
 793 
Q. Wang et al. (2018) found that flash rates in smoke-dominant regions of Africa were greater 794 
than in dust-dominated regions primarily because mid-level RH was 74 % in the smoke-795 
dominant region and only 36% in the dust-dominant region.  However, in this study, the mean 796 
RH in the mid-troposphere over the Amazon Basin was 74% for clean convective systems with 797 
fewer flashes and 65% for dirty convective systems with more flashes.  The median lower 798 
troposphere static stability, i.e., the change in temperature between the surface and 700 hPa, was 799 
17.2° C for clean systems and 18.7° C for dirty systems. Thus, the temperature fell off more 800 
rapidly with height when systems were dirty, indicating a more unstable environment.  Thus, 801 
while the dirty profiles tended to have drier air in the mid-troposphere, which is a barrier to weak 802 
convection (Wall et al., 2015), the associated steeper lapse rates made the atmosphere more 803 
conducive to intense convection once the convective inhibition was overcome.    804 
 805 
 806 
Table 4.  Sensitivity of convective metrics to AOD after controlling for CAPE  807 
 808 
 Low AOD  

(< 30th PCTL)  
High AOD 
(>70th PCTL)  

Significant 
Difference 
at 99% CL? 

Significant 
Difference 
at 95% CL? 

Zre Low CAPEa  6.1 ± 2.1 (240)b 7.6 ± 2.6 (164) Yes  Yes 
Zre Moderate CAPE  6.7 ± 2.2 (241) 6.9 ± 2.1 (251) No  No 
Zre High CAPE 7.2 ± 2.2 (133) 8.4 ± 2.5 (198) Yes  Yes 
ZIWC Low CAPE  7.9 ±1.6 9.1 ±2.0 Yes  Yes 
ZIWC Moderate CAPE  8.5 ±1.6 9.4 ±1.8 Yes  Yes 
ZIWC High CAPE  8.8 ±1.6 9.7 ±1.9 Yes  Yes 
Precip Low CAPE  0.92 ±1.27 1.2 ±1.7 No  No 
Precip Moderate CAPE  1.1 ±1.6 1.1 ±1.5 No  No 
Precip High CAPE  1.2 ±1.5 1.3 ±1.9 No  No 
Flashes Low CAPE  0.59 ± 2.0 7.0 ±26 Yes  Yes 
Flashes Moderate CAPE  1.5 ±13 3.5 ±8.4 No Yes 
Flashes High CAPE  0.84 ± 2.0 3.7 ±7.1 Yes  Yes 
aUnits for Zre, ZIWC, precipitation, and flashes are km, km, mm 30 min-1, and flashes per 0.5° × 809 
0.5° grid box per 30-minutes  810 
bNumber of cases in each CAPE / AOD bin 811 
 812 
In order to control for variations in thermodynamic forcing with AOD, we also examined 813 
variations in the centroid of Ze (Zre), and IWC (ZIWC), precipitation rate, and flash rate with AOD 814 
after binning each variable into low-, moderate-, and high- CAPE bins (see Table 4).  Increases 815 
in Zre, ZIWC, rain-rate, and flash-rate were still observed in all CAPE bins.  As before, 816 
precipitation increased with AOD (0.08 – 0.30 mm 30 min-1), but the increases were not 817 
significant at the 95% confidence level (CL).  Increases in Zre were significant for low- and high-818 
CAPE bins but insignificant at the 95% CL for moderate levels of CAPE.  Notably, the flash rate 819 
under low-CAPE conditions increased from 0.59 ± 2.0 flashes per 0.5° × 0.5° grid box per 30-820 
minutes under low aerosol conditions to 7.0 ± 26 flashes per 0.5° × 0.5° grid box per 30-minutes 821 
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under high-aerosol conditions (an increase by a factor of 11.8).  Thus convective development 822 
and electrification appear to be especially sensitive to aerosol loading during periods with 823 
relatively low values of CAPE.  That said, flash rates still increased by a factor of 2-4 between 824 
periods with low- and high-AOD when CAPE was moderate or high.  825 
 826 
3.4 Sensitivity of flash rate to aerosol type 827 
 828 

 829 
Figure 11.  Pie charts showing regional variations in distribution of CALIOP aerosol types for 830 
deep convective systems observed during the pre-monsoon season.  The number of systems for 831 
which typing was possible is shown in the center of each pie.  The percent each type of system is 832 
shown at the bottom.  The “Clean” aerosol type is essentially the Clean Continental category but 833 
it could include the Clean Marine type.  To emphasize regional differences in the number of 834 
convective systems while maintaining readability, the radius of the pies varies with the number 835 
of observations divided by the maximum number of observations (53) to the power 0.2.  836 
 837 
Prior studies have shown that the intensity of deep convective storms can be sensitive to aerosol 838 
type (Jiang et al., 2018; Yang et al., 2016).  However, the effect of aerosol type on the intensity 839 
of deep convection is complex.   When smoke is dominant, i.e., 𝜹p is relatively small, the fine 840 
mode is dominant, and particles are mainly spherical, relatively small, and moderately absorbing.  841 
Yang et al. observed that the frequency, height, and flash rate associated with thunderstorms 842 
peaked on the weekend over central China, where aerosol absorption was strong, suppressing 843 
mid-week storms.  But the peak occurred on weekdays over southeastern China where the 844 
aerosol single scattering albedo was much higher, lessening the aerosol radiative effect, and 845 
conditions were more humid, enhancing convective invigoration through the aerosol 846 
microphysical effect.  Q. Wang et al. (2018) found that flash rates in smoke-dominant regions of 847 
Africa were greater than in dust-dominated regions primarily because mid-level RH was greater 848 
in the smoke-dominant region; however, aerosol type may also have played a role.   Smoke 849 
aerosols are likely to absorb more than dust particles.  While this absorption inhibits convection 850 
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by decreasing the amount of radiation reaching the surface, it could also increase the intensity of 851 
convection as heating the aerosols layer destabilizes layers above the aerosol layer (Y. Wang et 852 
al., 2013).   853 
 854 
In order to follow-up on these studies, we analyzed the lower tropospheric CALIOP aerosol type 855 
for the 1803 convective systems that occurred during the pre-monsoon season (see section 2.2).  856 
The aerosol type was identified for 519 systems, with 132, 144, 152, 81, and 10 systems 857 
identified as Dust, Polluted Dust, Polluted Continental Smoke, Elevated Smoke, and Clean 858 
(either Clean Continental or Clean Marine).  The spatial distribution of the aerosol types for the 859 
systems is shown in Figure 11.  Statistics for the systems classified as Dust, Polluted Dust, 860 
Polluted Continental Smoke, and Elevated Smoke are shown in Table 5.  The sampled systems 861 
cover most of the Domain, suggesting that the statistics should be representative of a variety of 862 
environments despite regional variations in the frequency of convection and loss of data due to 863 
low-energy shots. Overall, the most common CALIOP aerosol type was Polluted Continental 864 
Smoke (152 cases; 32.5%), followed closely by Polluted Dust (144 cases; 26.4%) and Dust (132 865 
cases; 23.4%).  Elevated Smoke in the “lower troposphere” was also relatively common (81 866 
cases; 16.1%) although the statistics for Elevated Smoke over-represent the southeast, 867 
specifically, 10-15° S and 55-50° W, where nearly 30% of the Elevated Smoke events occurred.  868 
 869 
Table 5. Sensitivity of environmental and convective intensity variables to dominant CALIOP 870 
aerosol type in the lower troposphere (P > 675 hPa)  871 
 872 
Variable Units Dust Poll D Poll C Smk Elev Smk 
# of Cases Count 132 144 152 81 
AOD Unitless 0.221 0.275 0.251 0.358 
CAPE J kg-1 1508 1766 1540 1822 
Mid-RH % 68.4 61.5 62.6 61.0 
ZIWC km 8.56 8.85 9.06 9.17 
Precip mm 30 min-1 0.74 0.80 1.20 1.39 
Flashes Count 30 min-1  

0.1° × 0.1° box-1 
1.16 2.47 4.79 3.54 

 873 
In the mean, flash rates were 2-4 × higher when Polluted Continental Smoke (PCS) or Elevated 874 
Smoke (ES) was the most common CALIOP aerosol type as opposed to Dust or Polluted Dust 875 
(PD).  However, none of these differences were significant at the 99% CL due to the limited 876 
sample sizes and large variability of flash rates.  The flash rate when Dust was common was 877 
significantly less than the other rates at the 95% CL. Similarly, precipitation-rates were 50-90% 878 
greater when PCS or ES was the most common type as opposed to Dust or PD.  The mean 879 
precipitation rates when Dust or PD was most common were statistically less than the 880 
precipitation rates when PCS (95 % CL) or ES (99%  CL) was most common.  The cause of the 881 
difference is likely related to differences in instability and aerosol loading rather than to 882 
differences in aerosol type.  The “Dusty” period with low rain- and flash-rates was characterized 883 
by low mean values of MERRA-2 AOD (0.221), ERA5 CAPE (1508 J kg-1), and high-values of 884 
mid-tropospheric RH (68.4%). This combination is often associated with less intense convection 885 
but not necessarily less rain.  The “PD” period had moderate values of AOD (0.275), relatively 886 
high CAPE (1766 J kg-1), and fairly low mid-tropospheric RH (61.5%).  Precipitation-rates were 887 
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similar to the Dusty period, but the systems were more intense with higher values of ZIWC and 888 
flash rate.  The PCS period had moderate values of AOD and CAPE but surprisingly intense 889 
convection with high values of ZIWC, precipitation, and flashes. Interestingly, these results are 890 
consistent with Jiang et al. (2018), who observed higher values of ZIWC over the Amazon under 891 
PCS-conditions as opposed to aerosol-free conditions.  Finally, the “ES” period featured high 892 
mean values of CAPE and AOD.   The elevated smoke may contribute to the larger rain- and 893 
flash-rates, but it may also be a consequence of additional lofting associated with higher-than-894 
average values of CAPE.  895 
 896 
4.0 Conclusions 897 
 898 
In this study, the sensitivity of rain- and flash rates to instability and aerosol amount were 899 
examined over the Amazon Basin during the pre-monsoon season (August 16 – December 15) 900 
using metrics of convective intensity over deep convective scenes derived from CloudSat, total 901 
column AOD from AERONET and MERRA-2, aerosol types from CALIPSO, precipitation 902 
fields from IMERG, and flash rates from STARNET.  The pre-monsoon season was chosen 903 
because it is a period with large variations in aerosols and the highest percentage of lightning-904 
producing deep convective systems.  905 
 906 
Initially, changes in CAPE, rain rate, and lightning flashes were examined as a function of 907 
aerosol loading using 24-hour time series of MERRA-2 AOD, ERA5 CAPE, IMERG 908 
precipitation, and STARNET flashes during the pre-monsoon I (August 16 – October 15) and 909 
pre-monsoon II (October 16 – December 15) time periods.  During pre-monsoon I, precipitation 910 
rates were 50-100% higher and flashes 15-30% higher during hours with high-AOD than in 911 
hours with low AOD.  The change in CAPE during this period was relatively modest, suggesting 912 
that changes in AOD were responsible for much of the increases in precipitation and flashes.  913 
The sensitivity of precipitation and flashes to aerosol loading was less clear during pre-monsoon 914 
II.  During this period, changes in precipitation and flashes were small, and hours with enhanced 915 
AOD often also had enhanced CAPE, making it impossible to detect an aerosol signal.  The 916 
sensitivity of rain- and flash-rates to aerosols during pre-monsoon I when CAPE is relatively low 917 
but not pre-monsoon II when CAPE is often high suggests that convective intensity may be more 918 
sensitive to aerosol loading when values of CAPE are relatively low.  919 
 920 
The relationship between convective intensity and aerosol loading was then examined using 921 
AERONET AOD as a metric for aerosol loading and rain- and flash-rates for regions 922 
encompassing the AERONET sites.  Both rain- and flash-rates increased by a factor of 5-10 923 
between low-CAPE and high-CAPE days.  Flash rates were also sensitive to AOD, increasing by 924 
approximately a factor of 2 at all sites between low-AOD and high-AOD days.  The dependence 925 
of precipitation on AOD was more complex, but a weak positive relationship was found for 926 
times and regions when convective storms were common, specifically for  afternoon hours and 927 
the eastern portion of the Basin.  928 
 929 
Vertical profiles of radar reflectivity (Ze) and IWC from CloudSat and CALIPSO were then used 930 
to examine the effects of thermodynamic and microphysical forcing on the structure of deep 931 
convective events.  The values of Ze diverged between 7 and 10 km, with Ze decreasing rapidly 932 
for clean low-CAPE profiles but remaining steady for dirty high-CAPE profiles.  This indicates 933 
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that the vertical velocities in dirty-high CAPE environments were large enough to sustain a high 934 
concentration of larger hydrometeors, while vertical velocities in clean low-CAPE environments 935 
were insufficient to sustain high concentrations of larger hydrometeors.  The cloud-top altitude 936 
was ~3 km higher for dirty high-CAPE storms than for clean low-CAPE storms.  Controlling for 937 
CAPE, flash rates increased by more than a factor of 3 between clean and dirty periods, about 938 
twice as much as expected, given observed differences in convective cloud top heights.  This 939 
suggests that aerosol loading should also be considered when developing flash rate 940 
parameterizations for use in chemical transport models and climate models. IWC increased by a 941 
factor of 2.4 between clean low-CAPE profiles and dirty high-CAPE profiles.  Controlling for 942 
CAPE, IWC increased by 50-60%, and ZIWC increased by 1.0 km between clean and dirty 943 
conditions.  944 
 945 
The statistical significances of contrasts in Zre, ZIWC, rain-rate, and flash-rate between deep 946 
convective systems sampled under low- and high-aerosol loading were then examined.  Zre and 947 
ZIWC increased by 1.4 and 1.1 km, respectively, differences that were significant at the 99% 948 
confidence level. The rain-rate increased by a modest 17%, an increase that was not significant at 949 
the 95% CI, while flash rates increased by 450%, an increase that was significant at the 99% 950 
confidence level.  Thus, when individual convective systems were examined, as opposed to 951 
larger regions, e.g., 1º × 1º, the response of rain-rates to increasing AOD was fuzzier, possibly 952 
because focusing on an individual system emphasizes decreases in rain rate that may occur under 953 
high aerosol loading because droplets are too small to be rained out and are lofted into the mixed 954 
phase region. The contrast in mid-tropospheric RH and LTSS between clean and dirty periods 955 
was also examined.  In general, the RH was lower in dirty systems, while the LTSS was larger.  956 
The lower RH and associated steeper lapse rates for dirty systems appear to make the atmosphere 957 
more conducive to intense convection and reinforce the large role thermodynamic forcing plays 958 
in determining the intensity of convection.  959 
 960 
The sensitivity of flashes to the composition of aerosols was also examined.   The most common 961 
CALIOP aerosol types associated with the deep convective systems observed in this study were 962 
Polluted Continental Smoke (33%), Polluted Dust (26%), Dust (23%), and Elevated Smoke 963 
(16%).  Overall, the flash rate was 2-4 × greater when Elevated Smoke or Polluted Continental 964 
Smoke (i.e., smoke) was the main CALIOP aerosol type in the lower troposphere as opposed to 965 
Dust or Polluted Dust.   The flash rates when smoke was present are likely higher because these 966 
periods also had higher values of CAPE and AOD and lower values of mid-tropospheric RH.  967 
However, it is possible that properties of the smoke, such as absorption and heating, played a 968 
role in the differences.  969 
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