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Abstract 31 

The effect of aerosols on lightning has been noted in many case studies, but much less is known 32 

about the long-term impact, relative importance of dynamics-thermodynamics versus aerosol, 33 

and any difference by different types of aerosols. Attempts are made to tackle with all these 34 

factors whose distinct roles are discovered by analyzing 11-year datasets of lightning, aerosol 35 

loading and composition, and dynamic-thermodynamic data from satellite and model reanalysis. 36 

Variations in the lightning rate are analyzed with respect to changes in dynamic-thermodynamic 37 

variables and indices such as the convective available potential energy (CAPE), vertical wind 38 

shear, etc. In general, lightning has strong diurnal and seasonal variations, peaking in an 39 

afternoon and summer. The lightning flash rate is much higher in moist central Africa than in dry 40 

northern Africa presumably because of the combined influences of surface heating, CAPE, 41 

relative humidity, and aerosol type. In both regions, the lightning flash rate changes with AOD in 42 

a boomerang shape: first increasing with AOD, tailing off around AOD = 0.3, and then behaving 43 

differently, i.e., decreasing for dust and flattening for smoke aerosols. The deviation is arguably 44 

caused by the tangled influences of different thermodynamics (in particular humidity and CAPE) 45 

and aerosol type between the two regions. In northern Africa, the two branches of opposite trends 46 

seem to echo the different dominant influences of the aerosol microphysical effect and the 47 

aerosol radiative effect that are more pronounced under low and high aerosol loading conditions, 48 

respectively. Under low AOD conditions, the aerosol microphysical effect more likely 49 

invigorates deep convection. This may gradually yield to the suppression effect as AOD 50 

increases, leading to more and smaller cloud droplets that are highly susceptible to evaporation 51 
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under the dry conditions of northern Africa. For smoke aerosols in moist central Africa, the 52 

aerosol invigoration effect can be sustained across the entire range of AOD by the high humidity 53 

and CAPE. This, plus a potential heating effect of the smoke layer, jointly offset the suppression 54 

of convection due to the radiative cooling at the surface by smoke aerosols. Various analyses 55 

were done that tend to support this hypothesis. 56 
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1 Introduction 57 

Lightning can be considered a key indicator of strong atmospheric convection (Betz et al., 58 

2008). Lightning activity has been linked to two major factors: dynamics-thermodynamics and 59 

aerosols (e.g., Lucas et al., 1994; Michalon et al., 1999; Boccippio et al., 2000; Orville et al., 60 

2001; Williams and Stanfill, 2002; Christian et al., 2003; Williams et al., 2004, 2005; Bell et al., 61 

2008, 2009; Guo et al., 2016).  62 

Since the pioneering work by Westcott (1995) who attempted to link summertime 63 

cloud-to-ground lightning activity to anthropogenic activities, the roles of aerosols in lightning 64 

have been increasingly recognized, as comprehensively reviewed on the topic associated with 65 

aerosol-cloud-precipitation interactions (e.g., Tao et al., 2012; Fan et al., 2016; Li et al., 2016, 66 

2017a). The aerosol effect encompasses both radiative and microphysical effects (Boucher et al., 67 

2013; Li et al., 2017b). The radiative effect suggests that aerosols can heat the atmospheric layer 68 

and cool the surface by absorbing and scattering solar radiation, thereby reducing the latent heat 69 

flux and stabilizing the atmosphere (Kaufman et al., 2002; Koren et al., 2004, 2008; Li et al., 70 

2017a). Convection and electrical activities are thus likely inhibited (Koren et al., 2004). By 71 

acting as cloud condensation nuclei (CCN) with fixed liquid water content, increasing the aerosol 72 

loading tends to reduce the mean size of cloud droplets, suppress coalescence, and delay the 73 

onset of warm-rain processes (Rosenfeld and Lensky, 1998). This permits more liquid water to 74 

ascend higher into the mixed-phased region of the atmosphere where it fuels lightning. A 75 

conspicuous enhancement of lightning activity was found to be tightly connected to volcanic ash 76 



 5

over the western Pacific Ocean (Yuan et al., 2011). More than a 150 % increase in lightning 77 

flashes accompanied a ~60 % increase in aerosol loading. Aerosol emissions from ships 78 

enhanced the lightning density by a factor of ~2 along two of the world’s main shipping lanes in 79 

the equatorial Indian Ocean (Thornton et al., 2017). In terms of the response of clouds to 80 

aerosols, an optimal aerosol concentration was found to exist based on observational analyses 81 

(Koren et al., 2008; Wang et al., 2015) and a theoretical calculation (Rosenfeld et al., 2008). 82 

Biomass-burning activities, anthropogenic emissions, and desert dust are the three major 83 

atmospheric aerosol sources (Rosenfeld et al., 2001; Fan et al., 2018) that have different climate 84 

effects. The increased rainfall in southern China and drought in northern China are thought to be 85 

related to an increase in black carbon aerosols (Menon et al., 2002). The effect of dust on cloud 86 

properties tends to decrease precipitation through a feedback loop (Rosenfeld et al., 2001; Huang 87 

et al., 2014a, b) especially for drizzle and light rain. 88 

Most studies on aerosol-convection interactions account for the aerosol burden (i.e., aerosol 89 

optical depth (AOD), the number concentration of aerosols, particulate matter that have a 90 

diameter less than 2.5 μm, or CCN) rather than aerosol size or species. It was not until recently 91 

that ultrafine aerosol particles were found to intensify convective strength by being activated to 92 

cloud droplets under excess supersaturation environmental conditions (Fan et al., 2018). 93 

Regarding aerosol species, recent studies have underscored the urgent need to consider the effect 94 

of different aerosol species in modulating lightning activity (e.g., Stolz et al., 2015, 2017), 95 

prompting us to perform more detailed analyses in this study. 96 

Lightning and convection strength are controlled by various dynamic-thermodynamic 97 
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variables and indices such as air temperature (Price, 1993; Williams, 1994, 1999; Markson, 98 

2007), convective available potential energy (CAPE) and its vertical distribution (normalized 99 

CAPE, NCAPE) (Stolz et al., 2015; Bang and Zipser, 2016), vertical wind shear (Khain et al., 100 

2008; Fan et al., 2009, 2013; Igel and Heever, 2015; Bang and Zipser, 2016), relative humidity in 101 

the lower and middle troposphere (Fan et al., 2007; Wall et al., 2014), cloud base height 102 

(Williams et al., 2005), updraft velocity (Zipser and Lutz, 1994; Williams et al., 2005), and warm 103 

cloud depth (Stolz et al., 2015, 2017).  104 

Depending on aerosol properties and atmospheric conditions, aerosols may enhance (Khain 105 

et al., 2005, 2008; Fan et al., 2007) or suppress convection (Rosenfeld et al., 2001; Khain et al., 106 

2004; Zhao et al., 2006). In general, aerosols tend to suppress convection for isolated clouds 107 

forming in relatively dry conditions but invigorate convection in convective systems within a 108 

moist environment (Fan et al., 2009). Under conditions of strong vertical wind shear, aerosols 109 

tend to reduce the strength of single deep convective clouds due to higher detrainment and larger 110 

evaporation of cloud hydrometeors (Richardson et al., 2007; Fan et al., 2009). The increase in 111 

evaporation and cooling intensifies downdrafts and fosters the formation of secondary clouds, 112 

cloud ensembles, and squall lines (Altaratz et al., 2010). Apart from the invigoration effect 113 

induced by aerosols, lightning activity is enhanced by increases in NCAPE, cloud base height, 114 

and vertical wind shear, but inhibited by the increasing cloud base height (Williams and Satori, 115 

2004; Williams, 2005), mid-tropospheric relative humidity, and warm cloud depth (Stolz et al., 116 

2015).  117 

Most previous studies were based on short-term data. Here, we investigate and quantify the 118 
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relative roles of aerosols and dynamics-thermodynamics on the lightning flash rate using 119 

long-term (11 years) lightning, AOD, and dynamic-thermodynamic data. Section 2 describes the 120 

datasets and method used in this study, section 3 shows the regions of interest, and section 4 121 

examines (1) the climatological behavior of the lightning flash rate and AOD, (2) the response of 122 

the lightning flash rate to dynamics and thermodynamics, (3) the contrast in the response of the 123 

lightning flash rate to dust and smoke, (4) the environmental dependence of the aerosol effect, 124 

and (5) the relative roles of dynamics, thermodynamics, and AOD on the lightning flash rate. A 125 

summary of key findings is given in section 5. 126 

2 Data and method 127 

2.1 Data 128 

2.1.1 Lightning data 129 

We use lightning data from the Lightning Imaging Sensor (LIS) onboard the Tropical 130 

Rainfall Measuring Mission (TRMM) satellite which was designed to acquire and investigate the 131 

distribution and variability of total lightning (i.e., intra-cloud and cloud-to-ground) on a global 132 

basis and spans all longitudes between 38°N–38°S during the day and night (Boccippio, 2002; 133 

Christian et al., 2003). The LIS on TRMM monitors individual storms and storm systems at a 134 

nadir field of view exceeding 580 km×580 km with a detection efficiency of 69 % to 90 %. Also 135 

used are the low-resolution monthly time series (LRMTS) from 2003–2013, a gridded lightning 136 

climatology dataset that provides the flash rate per month at a 2.5°×2.5° spatial resolution and is 137 

recorded in coordinated universal time. The low-resolution diurnal climatology provides the 138 
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mean diurnal cycle in local solar time (LT) with the same spatial resolution (Cecil et al., 2001, 139 

2006, 2014). 140 

2.1.2 Aerosol data 141 

Aerosol loading is characterized by AOD which is obtained from observations collected by 142 

the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Aqua satellite that 143 

crosses the equator at ~13:30 LT. Here, the monthly level 3 global product (MYD08_M3) on a 144 

1°×1° grid from 2003–2013 is used. The AOD at 0.55 µm is retrieved using the Dark 145 

Target-Deep Blue combined algorithm which is particularly suitable over desert regions (Levy et 146 

al., 2013; Hubanks et al., 2015). The Modern Era–Retrospective analysis for Research and 147 

Application (MERRA) is a NASA meteorological reanalysis that takes advantage of satellite data 148 

from 1979 till the present using the Goddard Earth Observing System Data Assimilation System 149 

Version 5 (GEOS-5). The assimilation of AOD in the GEOS-5 involves very careful cloud 150 

screening and data homogenization by means of a neural net scheme that translates MODIS 151 

radiances into Aerosol Robotic Network (AERONET)-calibrated AODs. The MERRA Aerosol 152 

Re-analysis (MERRAero) provides dust, black carbon, organic carbon, and total extinction 153 

AODs, and the total Ångstrӧm exponent at a spatial resolution of 0.625°×0.5° (da Silva et al., 154 

2015). These data characterize aerosol species and particle size. 155 

2.1.3 Dynamic-thermodynamic data 156 

Dynamic-thermodynamic data used are from the Medium-Range Weather Forecasting 157 

(ECMWF) ERA-Interim reanalysis product (Dee et al., 2011). Of interest to this study are the 158 
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surface upward sensible heat flux, the surface upward latent heat flux, sea level pressure, 2-m 159 

temperature, CAPE, relative humidity at 700 and 500 hPa, the wind fields at 925 and 500 hPa, 160 

and divergence at 200 hPa, all with a spatial resolution of 1°×1°. With reference to the findings 161 

from previous studies, we choose the following factors to characterize the dynamics and 162 

thermodynamics: 163 

1) CAPE. CAPE is a thermodynamic parameter commonly used in strong convection analysis 164 

and forecasting. It describes the potential buoyancy available to idealized rising air parcels 165 

and thus denotes the instability of the atmosphere (Riemann-Campe et al., 2009; Williams, 166 

1992). The stronger is CAPE, the more unstable is the atmosphere, and the more likely is 167 

there strong vertical air motion. Lightning activity increases with CAPE (Williams et al., 168 

2002). The conversion efficiency of CAPE to updraft kinetic energy depends on the strength 169 

and width of updrafts (Williams et al., 2005). However, reliable updraft measurements that 170 

would illuminate this role in the present study are lacking. 171 

2) Sea level pressure. Atmospheric pressure is a key dynamic factor affecting weather because it 172 

defines basic weather regimes. Low-pressure systems are usually associated with strong 173 

winds, warm air, and atmospheric lifting and normally produce clouds, precipitation, and 174 

strong convective disturbances such as storms and cyclones. An examination of summertime 175 

sea level pressure anomalies in the tropical Atlantic region shows an inverse relationship 176 

between sea level pressure and tropical cyclones (Knaff, 1997). 177 

3) Potential temperature. Many researchers have studied the role of temperature in influencing 178 

lightning activity (Williams, 1992, 1994, 1999; Williams et al., 2005; Markson, 2003, 2007). 179 
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However, the direct comparison of air temperatures for different regions is problematic 180 

because air temperature systematically declines with altitude. We choose potential 181 

temperature instead which corrects for the altitude dependence and provides a more 182 

meaningful comparison. Taking into account that the linkage between lightning activity and 183 

thermodynamics involves moist processes, some others use wet-bulb temperature or wet-bulb 184 

potential temperature which includes both temperature and moisture (Williams, 1992; Reeve 185 

and Toumi, 1999; Jayaratne and Kuleshov, 2006). It has been demonstrated that CAPE 186 

increases linearly with wet-bulb potential temperature (Williams et al., 1992). In this study, 187 

we would like to examine the relative roles of several parameters and their total contribution 188 

to lightning activity. In order to select more independent variables and reduce the duplication 189 

of temperature and humidity information, potential temperature is selected. Although it does 190 

not reflect moist processes directly, when the moisture level is suitable, places with higher 191 

temperatures are more favorable for convection. Here, potential temperature (θ; in units of K) 192 

is calculated from 2-m air temperature (T; in units of K) and pressure (p; in units of hPa): 193 

           𝜃 ൌ Tሺ
ଵ଴଴଴

௣
ሻ଴.ଶ଼଺    .                   (1) 194 

4) Mid-level relative humidity. Moderately wet underlying surfaces are an important factor in 195 

facilitating deep convection due to the compromise between instability energy (when 196 

temperature is fixed, the atmosphere is wetter, and CAPE is larger) and the transformation 197 

efficiency from instability energy to kinetic energy (when the boundary layer is wetter, the 198 

cloud base height is lower, and updrafts are weaker). Higher surface relative humidity results 199 

in more lightning activities in dry regions and less lightning activities in wet regions with the 200 
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watershed of surface relative humidity values at ~72 % to 74 % (Xiong et al., 2006). 201 

However, for mid-level humidity, only shallow convection occurs in the driest case while 202 

strong deep convection occurs in more moist cases (Derbyshire et al., 2004). Strong positive 203 

relations are found between mean humidity (between 2–6 km) and convective cloud top 204 

heights (Redelsperger et al., 2002). Anomalously high humidity in the free troposphere 205 

(between 850–400 hPa), which tends to increase plume buoyancy, is observed prior to a 206 

shallow-to-deep convection transition (Chakraborty et al., 2018). Different from surface 207 

moisture as a cause of deep convection, mid-to-upper tropospheric moisture (between 208 

200–600 hPa) is more likely to be an effect of convection (Sobel et al., 2003). In addition, 209 

moistening the mid-tropospheric environment can also reduce the dilution effect on CAPE, 210 

which depends strongly on the degree of sub-saturation of the entrained air: the wetter the 211 

entrained air, the smaller the effect (Zhang 2009) which tends to facilitate ensuing deep 212 

convection. Therefore, there may be no turning point regarding the response of lightning to 213 

mid-level relative humidity. Even if there is, three-month-moving-averaged mid-level 214 

relative humidity (less than 1 % and 9 % of the total in the dust- and smoke-dominant regions, 215 

respectively, surpass relative humidity = 73 %) is less than the surface relative humidity (12 % 216 

and 63 % of the total in the dust- and smoke-dominant regions surpass relative humidity = 217 

73 %) in the long-term. Mean relative humidity values at 700 and 500 hPa levels are used in 218 

this study. 219 

5) Wind shear. The vertical shear of horizontal wind, hereafter simply referred to as wind shear, 220 

not only affects dynamical flow structures around and within a deep convective cloud 221 
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(Rotunno et al., 1988; Weisman and Rotunno, 2004; Coniglio et al., 2006), but also 222 

qualitatively determines whether aerosols suppress or enhance convective strength (Fan et al., 223 

2009). Bang and Zipser (2016) found no significant visible differences in wind shear (the 224 

lowest 200 hPa) between flashing and non-flashing radar precipitation features in the central 225 

Pacific. Others have suggested that vertical wind shear can suppress cloud vertical 226 

development for isolated convection (Richardson and Droegemeier, 2007), but is critical in 227 

organizing mesoscale convection systems (Takemi, 2007). In this paper, wind shear (SHEAR; 228 

in units of Pa s-1) is calculated from daily wind fields [(U, V); in units of Pa s-1] at 925 hPa 229 

and 500 hPa as follows: 230 

SHEAR ൌ ඥሺ𝑈ହ଴଴ െ 𝑈ଽଶହሻଶ ൅ ሺ𝑉ହ଴଴ െ 𝑉ଽଶହሻଶ   .        (2) 231 

6) Divergence. Air divergence is especially useful because it can be linked to adiabatic heating 232 

processes, of which the non-uniformity gives rise to atmospheric motion (Mapes and Houze, 233 

1995; Homeyer et al., 2014). Fully developed clouds are usually accompanied by upper-level 234 

divergence, especially in raining regions (Mapes and Houze, 1993). A pronounced 235 

divergence maximum exists between 300 and 150 hPa due to deep convective outflow 236 

(Mitovski et al., 2010). 237 

The surface property which determines the contribution of latent heat versus sensible heat is 238 

described by the Bowen ratio. In warm and wet climates, the large potential for 239 

evapotranspiration creates small Bowen ratios. In dry regions, a lack of water to evaporate 240 

creates large Bowen ratios. The Bowen ratio is calculated as: 241 
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     Bowen ratio ൌ ௌ௨௥௙௔௖௘ ௨௣௪௔௥ௗ ௦௘௡௦௜௕௟௘ ௛௘௔௧ ௙௟௨௫

ୱ୳୰௙௔௖௘ ௨௣௪௔௥ௗ ௟௔௧௘௡௧ ௛௘௔௧ ௙௟௨௫
           (3) 242 

2.2 Methodology 243 

2.2.1 Data collocation 244 

A roughly three-month running mean filter is used to smooth lightning data (i.e., the LRMTS 245 

dataset), allowing the LIS to progress twice through the diurnal cycle at a given location (Cecil et 246 

al., 2014) and to show the normal annual variation in lightning activity due to the seasonal 247 

meridional migration of the intertropical convergence zone (ITCZ; Waliser and Gautier, 1993; 248 

Thornton et al., 2017). A three-month running mean is also applied to all AOD and 249 

dynamic-thermodynamic data which are then resampled onto 2.5°×2.5° resolution grids in the 250 

climatological analysis. To make the comparison within the same AOD range and to increase the 251 

number of data samples, climatological features of lightning, AOD, dynamics, and 252 

thermodynamics under polluted and clean conditions are limited to cases with AOD < 1.0 over 253 

the regions of interest. Since there are large differences in aerosol loading in different seasons 254 

and under different dynamic-thermodynamic conditions, we cannot use a specific set of values to 255 

distinguish between clean and polluted cases applicable to all months and all 256 

dynamic-thermodynamic conditions. So for each month and under each fixed 257 

dynamic-thermodynamic condition, all data are sorted according to AOD and divided into 258 

three-equal-sample subsets where the top third of the AOD range is labeled as polluted, and the 259 

bottom third is labeled as clean. To avoid a higher probability of misclassification of clouds and 260 

aerosols in high AOD regimes (Platnick et al., 2003), to minimize the influence of hygroscopic 261 
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growth in a humid environment (Feingold and Morley, 2003) and to retain enough samples 262 

especially in the lightning-deficient region, the AOD range in this study is set between 0 and 1, 263 

following the work of Kaufman et al. (2005, AOD < 0.6), Koren et al. (2008, AOD < 0.8; 2012, 264 

AOD < 0.3) and Altaratz et al. (2017, AOD < 0.4). In addition, MODIS AOD is evaluated using 265 

daily AERONET AOD data (see Figs. S1 and S1-1, 2, 3 in the supplemental material). Analyses 266 

are performed between clean and polluted subsets only to create sufficient contrast between the 267 

groups while retaining good sampling statistics (Koren et al., 2012).  268 

2.2.2 Statistical analysis method 269 

Correlation coefficients are used to measure the strength of the relationship between the 270 

lightning flash rate and individual predictors (sea level pressure, potential temperature, mid-level 271 

relative humidity, CAPE, wind shear, divergence, AOD). The Pearson correlation (Pearson, 1896) 272 

is commonly used to measure linear correlation. Partial correlation is done to control the other 273 

predictors and to study the effect of each predictor separately. The correlation is significant when 274 

it passes the significance test at the 0.05 level. 275 

To explore the relative roles of dynamic-thermodynamic variables and AOD on lightning 276 

activity, we use a multiple-linear regression method following previous studies (e.g., Igel and 277 

van den Heever, 2015; Stolz et al., 2017). Since there is an optimal value of aerosol loading in 278 

terms of the response of the lightning flash rate to aerosols (Koren et al., 2008; Rosenfeld et al., 279 

2008), we establish standardized regression equations for AOD greater than and less than the 280 

turning point value. This is done to reduce the nonlinear effect of AOD. Note that all data used 281 
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here are processed by averaging 10 samples sorted by AOD from small to large to mitigate data 282 

uncertainties. The standardized regression equation with seven predictor variables xଵ, xଶ,…, x଻ 283 

(sea level pressure, potential temperature, mid-level relative humidity, CAPE, wind shear, 284 

divergence, AOD) and the response y (lightning flash rate) can be written as: 285 

y ൌ β଴+βଵxଵ ൅ βଶxଶ ൅ ⋯ ൅ β୧x୧,     i ൌ 1, … ,7       .      (4) 286 

Here, y and x୧  are standardized variables derived from the raw variables Y and X୧  by 287 

subtracting the sample means (Yഥ, Xഥ୍ ) and dividing by the sample standard deviations (δଢ଼, δ୧): 288 

y ൌ
ଢ଼ିଢ଼ഥ

ஔౕ
,    x୧ ൌ

ଡ଼౟ିଡ଼ഠതതത

ஔ౟
,        iൌ1, … ,7      .      (5) 289 

The sample mean of N valid samples is calculated as: 290 

 Yഥ ൌ
∑ ଢ଼ౠ

ొ
భ

୒
,    Xనഥ ൌ

∑ ଡ଼ౠ౟
ొ
భ

୒
,   iൌ1, … ,7;  jൌ1, … ,N   .     (6) 291 

The sample standard deviation is: 292 

δଢ଼ ൌ ට ଵ

୒ିଵ
∑ ሺY୨ െ Yഥሻଶ୒

ଵ ,   δ୧ ൌ ට ଵ

୒ିଵ
∑ ሺX୨୧ െ Xనഥ ሻଶ୒

ଵ ,   i ൌ 1, … , 7;   j ൌ 1, … , N . (7)  293 

Standardized regression coefficients ignore the independent variables’ scale of units which 294 

makes the slope estimates comparable and shows the relative weights to the changes in lightning 295 

flash rate. 296 

3 Regions of Interest (ROIs) 297 

High loadings of dust and smoke aerosols are found in northern and southern Africa, 298 

respectively, as seen in Figure 1. Northern Africa is the world’s largest source of mineral dust 299 

(Lemaître et al., 2010) with the most widespread, persistent dust aerosol plumes and the densest 300 

particulate contribution found on Earth (Prospero et al., 2002). About 2–4 billion tons of blown 301 

dust is estimated to be removed from the Sahara Desert annually (Goudie and Middleton, 2001). 302 
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Dust particles of relevance to atmospheric processes are minerals with particle sizes up to 70 m 303 

that can be readily suspended by the wind (Shao, 2008). Africa is also the single largest source of 304 

smoke emissions due to widespread biomass burning, accounting for roughly 30 to 50 % of the 305 

total amount of vegetation burned globally each year (Andreae, 1991; van der Werf et al., 2003, 306 

2006; Roberts et al., 2009). In central and southern Africa, biomass burning due to wildfires and 307 

human-set fires has strong diurnal and seasonal variabilities (Roberts et al., 2009; Ichoku et al., 308 

2016).  309 

Figure 1a shows the global distribution of mean AOD from the MODIS onboard the Aqua 310 

satellite from 2003 to 2013. Figure 1b shows the Ångstrӧm exponent obtained from the 311 

MERRAero at a spatial resolution of 0.625°×0.5° used for the analysis of contributions from 312 

different aerosol species, chiefly, dust, black carbon (BC), and organic carbon (OC), and total 313 

extinction AODs. Note that satellite retrievals of the Ångstrӧm exponent have excessive 314 

uncertainties over land so are not included in the MODIS Collection 6 product. The African 315 

continent stands out with very large AOD in two regions: the Sahara Desert covered by dust 316 

(Figure 1c) and central to southern Africa dominated by smoke (Figure 1d), characterized by 317 

small and large values of the Ångstrӧm exponent, respectively (Figure 1b). Due to their distinct 318 

differences in aerosol species, the dust- and smoke-dominant regions (Figures 1c, 1d) are 319 

selected as the study regions for dust and smoke. The ratios of dust (dust-dominant region) or 320 

(BC+OC) (smoke-dominant region) extinction AOD to total extinction AOD are greater than 50% 321 

averaged over the period 2003–2013, which enables us to study multiple aerosol effects on 322 

lightning activity. Also shown in Figures 1c and 1d are mean wind vectors at 850 hPa over Africa 323 
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and its neighboring oceans (the area outlined in red in the left panel) which represent the 324 

prevailing wind direction. 325 

4 Results and Discussion 326 

4.1 Climatological behavior of the lightning flash rate and AOD 327 

The seasonal and diurnal cycles of the lightning flash rate and AOD are first examined over 328 

the dust- and smoke-dominant regions (Figure 2a). Figure 2 also shows the diurnal cycle (Figure 329 

2b) and monthly variations in MODIS-retrieved AOD and lightning flash rate (Figures 2c, 2d) 330 

calculated under relatively clean and polluted (dusty/smoky) conditions over the dust-dominant 331 

region and the smoke-dominant region. The same afternoon peaks in lightning activity are seen 332 

in Figure 2b, suggesting strong convection in the afternoon over land (Williams et al., 2000; 333 

Nesbitt and Zipser, 2003). Peaks in lightning activity over both the dust- and smoke-dominant 334 

regions under polluted (dusty/smoky) conditions occur 1 h later than those under clean 335 

conditions. This is consistent with the finding of an aerosol-induced delay in precipitation and 336 

lightning activity revealed from observations (Guo et al., 2016) and model simulations (Lee et al., 337 

2016) in southern China. Numerous studies have noted that aerosols modulate convection and 338 

lightning activity through both radiative and microphysical processes, as reviewed extensively in 339 

Asia (Li et al., 2016) and around the world (Li et al., 2017b). Monthly variations in dust loading 340 

change little throughout the year (Figure 2c), while smoke shows a pronounced seasonal 341 

variation with a large contrast between dry and wet seasons (Figure 2d). Lightning activity in 342 

both regions is most active in summer and rarely occurs in winter, which is consistent with the 343 
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seasonal feature of CAPE (especially for the smoke-dominant region; see Figure 3), implying 344 

that the seasonal variation in lightning activity is mainly controlled by thermodynamic conditions. 345 

Figure 2 also shows an apparent enhancement in lightning activity under smoky conditions 346 

superimposed on both the diurnal (Figure 2b) and seasonal cycles (Figure 2d). Under dusty 347 

conditions, however, the impact is much weaker than under smoky conditions. Apart from 348 

different aerosol effects, different climate conditions that exist between the dust- and 349 

smoke-dominant regions, as well as between heavy and light loading seasons/conditions for the 350 

same type of aerosol, may also contribute. A key factor is moisture which is much lower over the 351 

dust-dominant region (Bowen ratio > 10, see Fig. S2 in the supplemental material) than over the 352 

smoke-dominant region covered with rainforests (Bowen ratio < 0.4, see Fig. S2 in the 353 

supplemental material). The significantly higher probabilities of high relative humidity over the 354 

smoke-dominant region than over the dust-dominant region for both middle troposphere and 355 

surface are shown in Figure 4. The mean mid-level relative humidity for the dust-dominant 356 

region is ~36 % and for the smoke-dominant region is ~74 %. High values of relative humidity 357 

favor the invigoration effect (Fan et al., 2008, 2009; Khain et al., 2008; Khain, 2009; Thornton et 358 

al., 2017), which is likely a major cause for the intense lightning activity in the smoke-dominant 359 

region. The dust-dominant region is located in the vicinity of the African easterly jet (Burpee, 360 

1972) and the smoke-dominant region is located in the ITCZ (Waliser and Gautier, 1993). 361 

Differences in wind shear and instability thus arise between the two regions. 362 
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4.2 Response of lightning to dynamics and thermodynamics 363 

Diurnal and seasonal variations in lightning activity depend on dynamic-thermodynamic 364 

conditions. We first look at the response of the lightning flash rate to dynamic-thermodynamic 365 

conditions which are characterized by six variables (sea level pressure, potential temperature, 366 

CAPE, mid-level relative humidity, wind shear, and divergence). The cloud base height and 367 

warm cloud depth are also both physically relevant to lightning activity (Williams and Satori, 368 

2004; Venevsky, 2014; Stolz et al., 2017). However, as statistical theory indicates, more factors 369 

will introduce more random noise and thus undermine the stability of the regression equation. 370 

When the sample size is fixed, the contribution of factors to the multiple regression equation 371 

changes little between 5–10 factors (Klein and Walsh, 1983; see Tables S1-1 and S1-2 in the 372 

supplemental material), so 5–6 factors should be the best choice. However, the importance of 373 

these factors still needs to be assessed. Since cloud base height and warm cloud depth can be 374 

derived from temperature and humidity, to reduce the duplication of information about 375 

temperature and humidity, we choose to use only the fundamental variables relative humidity and 376 

potential temperature. The violin plot is an effective way to visualize the distribution of data and 377 

the shape of distributions that allows the quick and insightful comparison of multiple 378 

distributions across several levels of categorical variables. It synergistically combines the box 379 

plot and the density trace into a single display (Hintze and Nelson, 1998).  380 

Figure 5 shows linear correlations between the lightning flash rate and the six 381 

dynamic-thermodynamic variables for the dust-dominant region. CAPE, mid-level relative 382 

humidity, and divergence are the top three dynamic-thermodynamic variables strongly and 383 
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positively correlated with lightning flash rate (R > 0.7). This suggests that high mid-level relative 384 

humidity and CAPE are conducive to the development of intense convection and that the 385 

lightning occurrence is associated with high-level divergence. One thing to notice is the shape of 386 

the density traces in Figure 5f. The bimodal distribution indicates that small to moderate 387 

high-level divergence may be due to clear-sky atmospheric movement or in-cloud with a small 388 

updraft velocity that does not produce lightning. Large divergence usually characterizes the 389 

strong upward movement closely associated with lightning activity. Inverse correlations between 390 

the lightning flash rate and sea level pressure and between the lightning flash rate and wind shear 391 

are seen in Figures 5a and 5e. Figure 5b shows a weak, positive correlation between the lightning 392 

flash rate and potential temperature. The small correlation coefficients of the regressions between 393 

the lightning flash rate and sea level pressure, wind shear, and potential temperature suggest little 394 

correlation between these variables and the lightning flash rate.  395 

Figure 6 shows the linear correlations between the lightning flash rate and the six 396 

dynamic-thermodynamic variables associated with strong convection for the smoke-dominant 397 

region. Mid-level relative humidity, CAPE, and divergence are positively correlated with the 398 

occurrence of lightning as opposed to sea level pressure, potential temperature, and wind shear 399 

which are negatively correlated with the lightning flash rate. In particular, Figures 6a, 6c, 6d, and 400 

6f show that CAPE, mid-level relative humidity, divergence, and sea level pressure are 401 

significantly correlated with the lightning flash rate (│R│> 0.75, p < 0.05; in order of the 402 

correlation strength), suggesting that these four variables may be the major factors modulating 403 

changes in the lightning flash rate. By comparison, a moderate linear relationship exists between 404 
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the lightning flash rate and potential temperature (R=-0.47), which is also the case for the 405 

relationship between the lightning flash rate and wind shear (R=-0.08), suggesting their minor 406 

effects on the lightning flash rate (Figures 6b and 6e). Simulations done by Weisman and Klemp 407 

(1982) show that weak, moderate, and high wind shear produces short-lived single cells, 408 

secondary development, and split storms, respectively. The coarse time resolution may be why 409 

no significant correlation is found between shear and the lightning flash rate. Note that the 410 

correlation coefficients obtained here can only describe the possible dependencies between the 411 

lightning flash rate and dynamic-thermodynamic variables and cannot imply causal relationships. 412 

To provide a visual comparison of the dust- and smoke-dominant regions, we show the 413 

spatial distributions of the correlation coefficients of the regressions between the lightning flash 414 

rate and dynamic-thermodynamic variables. Figure 7 shows that lightning flash rates are well 415 

correlated with mid-level relative humidity, CAPE, and divergence throughout both the dust- and 416 

smoke-dominant regions (most parts R > 0.6), while for other variables, the correlations vary 417 

from region to region. In particular, the correlations between the lightning flash rate and sea level 418 

pressure (positive), potential temperature (negative), and wind shear (positive) near the Earth’s 419 

equator are distinctly different from those over other regions. We infer that this is because the hot 420 

and humid environment year-round favors deep convection. Wind shear helps organize 421 

mesoscale convection in moist deep convection which produces more lightning. Regarding 422 

potential temperature, rich precipitation helps cool the surface, which causes the negative 423 

correlation between the lightning flash rate and potential temperature. Different from the frontal 424 

system-dominant strong convection in the mid-latitudes, thermal convection more likely occurs 425 
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in the tropics with a much smaller air pressure change. The frequent precipitation may also help 426 

create low and high pressure centers on the ground. These two points may lead to the positive 427 

correlation between the lightning flash rate and sea level pressure. However, partial correlation 428 

analyses show that only CAPE and mid-level relative humidity are the top two factors affecting 429 

lightning activity (Figure 8).  430 

4.3 Contrast in the response of the lightning flash rate to dust and smoke aerosols 431 

Aerosols can modulate lightning activity by participating in radiative and microphysical 432 

processes. Besides the finding that the peak time for lightning under polluted conditions is 433 

delayed by about 1 h or so (see Figure 2), more informative and revealing features of the impact 434 

of aerosols on lightning are presented in Figure 9. The scatterplot and two curves (100-point and 435 

50-point running means are applied thrice to the mean values of lightning flash rate in each 436 

30-sample bin for the dust- dominant region and the smoke-dominant region, respectively) show 437 

that lightning activity is much more intense in the smoke-dominant region located in the ITCZ 438 

where the air is hot and humid regardless of aerosol loading. By contrast, the dust-dominant 439 

region is much drier, making it difficult to produce intense convection and lightning. The 440 

response of the lightning flash rate to AOD is shaped like a boomerang (Koren et al., 2008) with 441 

a turning point around AOD = 0.3, and the turning point in the dust-dominant region is slightly 442 

ahead of that in the smoke-dominant region. This is mainly because fewer aerosols are needed to 443 

produce small droplets likely to evaporate in the drier dust-dominant region so the optimal AOD 444 

will be lower. We deduce that the CCN concentration is more closely allied with the cloud 445 
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microphysics pertaining to lightning based on the equation fitted by Andreae (2009). The turning 446 

point of the CCN concentration at a supersaturation of 0.4 % is ~1600 cm-3 (see Fig. S3 in the 447 

supplemental material), which falls within the range of 1000 – 2000 cm-3 (Mansell and Ziegler, 448 

2013) and is close to 1200 cm-3 (Rosenfeld et al., 2008). Figure 9 is separated into three zones 449 

(green, grey, red) to show the dominant roles of the aerosol microphysical effect and the aerosol 450 

radiative effect. In the green zone, the lightning flash rate increases sharply with increasing 451 

aerosol loading in both the dust- and smoke-dominant regions. Data are clustered around the 452 

regression lines tightly, and the lightning flash rate is strongly and positively correlated with 453 

AOD, implying that aerosol-cloud interactions (ACI) play a dominant role in lightning activity. 454 

However, as AOD approaches the turning point (the grey zone), data become more scattered and 455 

the trend is reversed likely because of the joint impact of the aerosol microphysical effect and the 456 

aerosol radiative effect that have opposite signs of compatible magnitude (Koren et al., 2008; 457 

Rosenfeld et al., 2008). However, other dynamic-thermodynamic effects cannot be ruled out. In 458 

the red zone, the response of the lightning flash rate to aerosol loading is different between dust 459 

and smoke aerosols. The lightning flash rate seems to be saturated in the smoke-dominant region 460 

but is strongly suppressed in the dust-dominant region. This is likely associated with the 461 

differences in both aerosol properties and dynamics/thermodynamics which are coupled to 462 

jointly affect lightning. The different dynamic and thermodynamic conditions between the two 463 

regions may play important roles: 1) The drier the mid-level atmosphere, the more likely that 464 

there is evaporation of cloud droplets that are smaller under heavily polluted conditions. The 465 

aerosol-microphysical-effect-induced evaporation tends to suppress the development of clouds 466 
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and inhibits lightning activity in combination with the aerosol radiative effect which causes 467 

surface cooling and leads to an increase in atmosphere stability. Together, the two factors are 468 

compounded, leading to a sharp decline in the lightning rate under heavy dusty conditions in the 469 

dust-dominant region. 2) However, clouds in the moister region of central Africa are less 470 

susceptible to evaporation and suppression. The strongly absorbing smoke aerosols also heat up 471 

the aerosol layers (usually below deep convective clouds that produce lightning), destabilizing 472 

the atmosphere above, thus dampening the suppression effect of the aerosol-radiation 473 

interactions. The development of convection and associated lightning is thus sustained. 474 

4.4 Environmental dependence of the aerosol effect 475 

To further clarify the joint influences of dynamics, thermodynamics, and aerosols on 476 

lightning activity, the distribution of the lightning flash rate with AOD and the top two influential 477 

thermodynamic variables, i.e., mid-level relative humidity and CAPE (based on the results in 478 

Figures 5-8), are examined in Figure 10. Lightning flash rates are classified into 100 discrete 479 

cells by ten decile bins of horizontal axis variable – ten decile bins of vertical axis variable 480 

(AOD – CAPE, AOD – mid-level relative humidity, and CAPE – mid-level relative humidity) 481 

which ensures approximately equal sample sizes among the cells. The mean values are calculated 482 

in each cell. Looking at the CAPE bins, the lightning flash rate generally increases with 483 

increasing AOD under relatively clean conditions but decreases after the turning point near AOD 484 

= 0.3 in both regions (Figures 10a and 10d). When AOD is fixed, the lightning flash rate 485 

monotonically increases with CAPE. Irrespective of aerosol loading and region, lightning rarely 486 
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occurs when CAPE is less than 100 J kg-1. Half of the CAPE data in the dust-dominant region 487 

falls below this value. Systematically higher CAPE in the smoke-dominant region plays an 488 

important role in inducing more intense lightning activity than in the dust-dominant region. 489 

However, the lightning flash rates in the dust- and smoke-dominant regions respond to mid-level 490 

relative humidity in different ways when AOD is fixed (Figures 10b and 10e). In the 491 

dust-dominant region, the lightning flash rate increases monotonically as mid-level relative 492 

humidity increases for all AOD, but changes little as AOD increases in each relative humidity bin. 493 

This suggests that apart from CAPE, relative humidity is another restraint on lightning activity in 494 

the dust-dominant region. In the smoke-dominant region, large lightning flash rates appear in the 495 

environment of moderate mid-level relative humidity and high aerosol loading. When relative 496 

humidity is fixed, the response of the lightning flash rate to AOD also shows a turning point in 497 

AOD around AOD = 0.3. Beyond this value, the lightning flash rate remains high. When looking 498 

into the common roles of relative humidity and CAPE on lightning, the data distribution along 499 

the diagonal shows that mid-level relative humidity is highly correlated with CAPE and that they 500 

affect lightning activity in the same direction. In general, intense lightning activity occurs under 501 

high mid-level relative humidity (> 40 %) and high CAPE (> 100 J kg-1) conditions in the 502 

dust-dominant region. In the smoke-dominant region, high CAPE and high mid-level relative 503 

humidity are still conducive to lightning production, but the data variance is larger, suggesting 504 

that the correlation involving mid-level relative humidity and CAPE is not as high as in the 505 

dust-dominant region, and the dependence on relative humidity is reduced.  506 

As shown in Figures 2, 9, and 10, differences in the lightning response to aerosols in the 507 
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dust- and smoke-dominant regions may also be attributed to different dynamic-thermodynamic 508 

conditions. To isolate the signal attributed to aerosol loading from that attributed to 509 

environmental forcing, lightning flash rates are categorized according to six 510 

dynamic-thermodynamic variables (sea level pressure, potential temperature, mid-level relative 511 

humidity, CAPE, wind shear, and divergence). Figure 11 shows the differences in lightning flash 512 

rate between polluted and clean conditions (polluted minus clean datasets) as a function of these 513 

six variables. In general, lightning flash rates are greater for all these dynamic-thermodynamic 514 

variables under polluted conditions compared with clean conditions in both the dust- and 515 

smoke-dominant regions. Lightning enhancement under polluted conditions is highly significant 516 

(> 99 %) based on the Student’s t-test. The differences in lightning flash rates between polluted 517 

and clean conditions are smaller in the dust-dominant region than in the smoke-dominant region. 518 

Note that in the dust-dominant region, when sea level pressure decreases and potential 519 

temperature increases, differences in the lightning flash rate (polluted minus clean datasets) 520 

become larger. This suggests that under conductive conditions (such as a thermal depression 521 

which is likely the main synoptic system introducing lightning activity in this region), aerosols 522 

are more likely to participate in cloud microphysics and convective development, thus 523 

modulating lightning activity. 524 

4.5 Relative roles of dynamics-thermodynamics and AOD on the lightning flash rate 525 

The response of the lightning flash rate to changes in AOD may indicate an aerosol effect on 526 

lightning activity, but it can also be the result of dynamics or thermodynamics impacting aerosol 527 
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loadings and the cloud microphysical process that is closely associated with lightning production. 528 

To further explore this complex process, the correlations between aerosol－lightning rate, 529 

dynamic-thermodynamic variables － lightning rate, and aerosol － dynamic-thermodynamic 530 

variables were examined before and after the turning point (AOD = 0.3, see Figure 9). Results 531 

are shown in Figure 12 (correlation coefficients are listed in Table S2 in the supplemental 532 

material).  533 

Under clean conditions (AOD < 0.3) in the dust-dominant region, all 534 

dynamic-thermodynamic variables and AOD show good correlations with the lightning flash rate 535 

(│R│> 0.5). Considering the interaction between aerosols and dynamics-thermodynamics, the 536 

correlation coefficients between AOD and the six dynamic-thermodynamic variables were 537 

calculated. Results show strong, positive correlations between AOD and mid-level relative 538 

humidity, CAPE, divergence, and potential temperature (R > 0.6) and a negative correlation 539 

between AOD and sea level pressure and wind shear (in order of correlation strength). To 540 

investigate the relative roles of these variables (AOD and the six dynamic-thermodynamic 541 

variables), we carry out partial correlation analyses between the lightning flash rate and any of its 542 

influential factors while constraining all the others. We then establish standardized multiple 543 

regression equations where the coefficients of these equations represent the relative importance 544 

of each factor. After the common effects are constrained, the partial correlation coefficients are 545 

much smaller than the Pearson correlation coefficients, and the correlations between the 546 

lightning flash rate and sea level pressure, potential temperature, and AOD are no longer 547 

significant. The weak partial correlation of the AOD-lightning flash rate relationship, the high 548 
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Peason correlation of the AOD-CAPE relationship, and the high partial correlation of the 549 

CAPE-lightning flash rate relationship all suggest that the lightning flash rate does not respond 550 

much to dust aerosols directly, but dust can affect convection and lightning activity through 551 

modulation of the thermodynamic variables involved in ACI. From these analyses, the top three 552 

factors are found to be mid-level relative humidity, CAPE, and divergence for the dust-dominant 553 

region under relatively clean conditions. For the clean smoke-dominant region, analyses show 554 

strong positive correlations between the lightning flash rate and CAPE, AOD, and divergence (│555 

R│> 0.7), a strong negative correlation between the lightning flash rate and sea level pressure (R 556 

= -0.94), and weak negative correlations between the lightning flash rate and potential 557 

temperature and wind shear (│R│< 0.4). The main interplay is between AOD and sea level 558 

pressure and CAPE (│R│> 0.75). The partial correlation coefficients and the coefficients of the 559 

standardized multiple regression equations reveal the top three factors: CAPE, AOD, and 560 

mid-level relative humidity (R > 0.35). Different from relative humidity as the top restraint factor 561 

in the dust-dominant region, here it plays a smaller role in the humid environment. AOD also 562 

becomes more important in this region. In both regions, aerosols correlate well with CAPE (R > 563 

0.75) under clean conditions (AOD < 0.3) which suggests that aerosols might participate in cloud 564 

microphysical processes: more aerosols acting as CCN leads to a narrower cloud droplet size 565 

spectrum, delays the warm-rain process and allows more liquid water to ascend higher into the 566 

mixed-phase cloud, thus releasing more latent heat, modulating environmental variables (such as 567 

increasing temperature, updrafts, and CAPE in and above clouds) and producing a more unstable 568 

atmosphere conducive to convective development. The aerosol invigoration effect may play the 569 
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key role during this stage (AOD < 0.3). The same directions of the impacts of aerosols and 570 

thermodynamics such as CAPE on the lightning flash rate may be the reason for the tightly 571 

clustered distribution under clean conditions seen in Figure 9. 572 

Under polluted conditions, CAPE and mid-level relative humidity are still of paramount 573 

importance for lightning activity (Pearson: R > 0.8; Partial: R > 0.35), but the correlation 574 

between aerosols and dynamics-thermodynamics is weakened. This weak connection between 575 

aerosols and dynamics-thermodynamics results in a large dispersion of lightning flash rates 576 

under polluted conditions in both regions. The most important finding appears to be the negative 577 

correlation between AOD and CAPE (R = -0.51) and between AOD and mid-level relative 578 

humidity (R = -0.33) in the dust-dominant region. This suggests two things: (1) drier 579 

environments are more favorable for dust emission, and (2) drier mid-level environments 580 

produce a more stable atmosphere and rapid evaporation of the condensate, leading to the 581 

suppression of convection and lightning. In the smoke-dominant region, AOD is negatively 582 

correlated with mid-level relative humidity (R = -0.24) which suggests the similar role of drier 583 

environments in producing more smoke aerosols. The negative correlation between AOD and 584 

potential temperature (R = -0.74) reflects the surface cooling that is caused by the radiative effect. 585 

No significant correlation is found between AOD and CAPE (R = 0, p > 0.05) which may imply 586 

that the radiative effect and the microphysical effect are comparable under heavy smoke aerosol 587 

loading conditions. 588 
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5 Conclusions 589 

Depending on specific environmental conditions, aerosols are able to invigorate or suppress 590 

convection-induced lightning activity. This has been noted in previous case-based studies. This 591 

study attempts to 1) answer a key question of whether aerosol effects on lightning are of 592 

long-term climate significance, 2) disentangle the complex influences of aerosols and 593 

dynamics/thermodynamics on lightning activity and their mutual dependencies, and 3) 594 

investigate different roles played by different types of aerosols (dust versus smoke) on lightning. 595 

Here, dynamics and thermodynamics are characterized by six variables: sea level pressure, 596 

potential temperature, mid-level relative humidity, convective available potential energy (CAPE), 597 

vertical wind shear, and 200-hPa divergence. Eleven years (2003–2013) of coincident data are 598 

used, including lightning data from the LIS/TRMM, aerosol optical depth (AOD) from the 599 

MODIS/Aqua, and dynamic-thermodynamic variables from the ECMWF ERA-Interim 600 

reanalysis. Climatological features of the diurnal and seasonal variations in lightning flash rate 601 

show a peak in the afternoon and during the local summer, respectively, which suggests the 602 

dominant role of thermodynamics, while differences in lightning flash rate under relatively clean 603 

and polluted conditions signify the potential influences of aerosols. In general, differences in 604 

lightning flash rates are larger in moist central Africa dominated by biomass burning than in dry 605 

northern Africa with much dust. Despite the complex and diverse climatic conditions, the 606 

response of the lightning flash rate to dust and smoke aerosols has a boomerang shape with a 607 

turning point at AOD ≈ 0.3. As AOD increases towards the threshold, the flash rate first increases 608 
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sharply with increasing AOD for both the dust and biomass-burning regions. As AOD exceeds 609 

the threshold, the response turns to negative and is more pronounced for dust aerosols than for 610 

smoke aerosols. Grossly speaking, such a pattern echoes the joint influences of the aerosol 611 

microphysical effect and the aerosol radiative effect with the former and latter being more 612 

significant under low AOD and high AOD conditions, respectively. Around the turning point, the 613 

two effects are comparable.  614 

We performed a correlation analysis and a standardized multiple regression analysis in an 615 

attempt to quantify the relative roles of AOD and dynamic-thermodynamic factors in modulating 616 

lightning activity. Under relatively clean conditions (AOD < 0.3), standardized multiple 617 

regression coefficients of dynamics, thermodynamics, and AOD on the lightning flash rate in 618 

both regions have R୑
ଶ   0.92, with mid-level relative humidity and CAPE being the top two 619 

determinant factors. The contributions of relative humidity and CAPE are comparable in the 620 

dust-dominant region and less so in the smoke-dominant region. The impact of AOD on 621 

lightning activity is likely to be exerted through a cloud microphysical effect that may modulate 622 

the dynamics and thermodynamics. Under smoky conditions (AOD > 0.3), R୑
ଶ  for the 623 

standardized multiple regression equation diminishes to 0.77 with a strong negative correlation 624 

with potential temperature (R = -0.74), a weak negative correlation with mid-level relative 625 

humidity, and no correlation with CAPE (R = 0). Note that aerosols cool the surface and warm 626 

the mid-level atmosphere through the radiative effect which may be less than (for AOD < 0.3), 627 

more than (AOD > 0.3), or equal to (AOD = 0.3) the aerosol microphysical effect. Under dusty 628 

conditions (AOD > 0.3), the standardized multiple regression equation has a higher R୑
ଶ  (0.83), 629 
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and the aerosol radiative effect plays a dominant role, possibly leading to a stable atmosphere 630 

and suppression of convection and lightning. Lightning flash rates in the dust- and 631 

smoke-dominant regions respond to AOD in different ways mainly because of the different 632 

humidity conditions. For the dust-dominant region, moisture is the maximum constraint. High 633 

CAPE, high mid-level relative humidity, and moderate aerosol loadings help to intensify 634 

lightning activity. For the smoke-dominant region, large values of CAPE, mid-level relative 635 

humidity, and AOD (up to 0.3) fuel lightning. The influences of other variables such as wind 636 

shear and convergence/divergence are insignificant from a climatological perspective. Based on 637 

observations alone, however, we cannot totally filter them out but can constrain the confounding 638 

effect of dynamics and thermodynamics on lightning activity. More insightful analyses based on 639 

a combination of state-of-the-art observations and convection-revolved model simulations are 640 

warranted in the future.  641 
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Figure 1. Spatial distributions of (a) aerosol optical depth (AOD) at 550 nm derived from the 

MODIS at a spatial resolution of 1°×1° and (b) the total aerosol Ångstrӧm parameter (470–870 

nm) from the MERRA dataset on a 0.625°×0.5° grid for the period 2003–2013 including all 

seasons. The red rectangle outlines the region of interest. (c) The ratio of dust AOD to total AOD 

over the region of interest and (d) the ratio of carbonaceous aerosol [black carbon (BC) and 

organic carbon (OC): BC+OC] AOD to total AOD over the region of interest derived from the 

MERRAero dataset (da Silva et al., 2015). Also shown is the 850-hPa mean wind field from the 

ERA-Interim re-analysis with a spatial resolution of 1°×1° in panels (c) and (d). 
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Figure 2. (a) The 850-hPa mean wind field from the ERA-Interim re-analysis with a spatial 

resolution of 1°×1° showing the prevailing wind direction over Africa and the neighboring ocean 

over the region of interest defined in Figure 1. The dust- and smoke-dominant regions (outlined 

by black rectangles) are defined as areas where the ratio of dust or carbonaceous aerosol (black 

carbon and organic carbon: BC+OC) extinction aerosol optical depth (AOD) to total extinction 

AOD is greater than 50% averaged over the period from 2003 to 2013 which enables us to better 

understand the potential effect of dust or smoke aerosols on lightning. Also shown are the (b) 

diurnal cycle and monthly variations in mean AOD and lightning flash rate calculated under 

relatively clean and polluted (dusty/smoky) conditions in the (c) dust-dominant region and the (d) 

smoke-dominant region. Unless otherwise noted, the AOD used in this study is derived from the 

MODIS, and the lowest (highest) third of the AOD range [AOD ∈ (0, 1)] is labeled as clean 

(polluted). Lightning flash rates come from the low-resolution monthly time series and the 

low-resolution diurnal climatology products on a 2.5°×2.5° grid (Cecil et al., 2001, 2006, 2014). 

Data from all seasons are included. 
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Figure 3. Seasonal variations in CAPE under relatively clean and polluted conditions in the 

dust- and smoke-dominant regions. Clean (polluted) cases are defined as those CAPE values 

corresponding to the lowest (highest) third of the aerosol optical depth (AOD) range [AOD ∈ 

(0, 1)]. 
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Figure 4. The probability density function (PDF) of (a) surface and (b) mid-level relative 

humidity in the dust- and smoke-dominant regions.  
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Figure 5. Violin plots of lightning dispersion showing the relationship between the lightning 

flash rate and six dynamic-thermodynamic variables: (a) sea level pressure, (b) potential 

temperature, (c) mid-level relative humidity, (d) convective available potential energy (CAPE), 

(e) vertical wind shear, and (f) 200-hPa divergence in the dust-dominant region. The five bins are 

equally spaced. Box plots represent the interquartile range (the distance between the bottom and 

the top of the box), the median (the band inside the box), the 95% confidence interval (whiskers 

above and below the box), the maximum (the end of the whisker above), the minimum (the end 

of the whisker below), and the mean (orange dot) in each bin. The plus signs represent outliers. 

On each side of the black line is the kernel estimation showing the distribution shape of the data. 

The estimate is based on a normal kernel function and is evaluated at 100 equally spaced points. 

Wider sections of the violin plot represent a high probability that members of the population will 

take on the given value; the skinnier sections represent a lower probability. The equations 

describe the linear correlations between the lightning flash rate and the dynamic-thermodynamic 

variables. Pearson correlation coefficients (R), p values, and the linear regression lines (in orange) 

are also shown. Data used here are from every grid square (2.5°×2.5°) through the whole year 

from 2003 to 2013. Dynamic-thermodynamic variables are processed using three-month running 

mean filters to match with lightning data. 
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Figure 6. Same as in Figure 5, but for the smoke-dominant region. Mean values are represented 

by blue dots, and linear regression lines are shown in blue. 
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Figure 7. Maps of Pearson correlation coefficients between the lightning flash rate and (a) sea 

level pressure, (b) potential temperature, (c) mid-level relative humidity, (d) mean convective 

available potential energy (CAPE), (e) vertical wind shear, and (f) 200-hPa divergence over 

Africa at a spatial resolution of 2.5o×2.5o from 2003 to 2013 (including all seasons). In each grid, 

132 samples are used to calculate the correlation coefficient. For each sample, variables are 

processed using three-month smoothing averages. The black rectangles outline the dust- and 

smoke-dominant regions (see Figure 2, left panel). Plus signs denote those grids that pass the 

significance test of 0.05. 
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Figure 8. Same as in Figure 7, but for the partial correlation coefficients. 
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Figure 9. Lightning flash rate as a function of aerosol optical depth (AOD) in the dust- (orange 

points) and smoke-dominant regions (blue points). Note that all data pairs (i.e., a three-month 

mean lightning rate and a three-month mean AOD) are first ordered by AOD from small to large. 

Mean values of both AOD and lightning flash rate in each 10-sample bin are then calculated to 

reduce the uncertainty caused by the large dispersion of data. The two curves are created by 

applying a 100-point moving average (50-point) thrice to the mean values of lightning flash rate 

in each 30-sample bin for the dust- (smoke-) dominant region. Note that data used here are for 

the entire AOD range but only shown for the range AOD ∈ (0, 1). Turning points in the 

boomerang shapes are around AOD = 0.3. Aerosol-cloud interactions (ACI) play a dominant role 

in lightning activity under relatively clean conditions (green zone). As AOD exceeds 0.3, both 

ACI and aerosol-radiation interaction (ARI) effects come into play with different magnitudes. 

For dust aerosols, ACI and ARI have the same same effect of suppressing convection in the dry 

environment favorable for evaporating cloud droplets. The moist environment of central Africa 

strengthens aerosol invigoration that offsets the suppression due to ARI, leading to a nearly flat 

line in the grey and red zones. 
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Figure 10. Joint dependence of the lightning flash rate on CAPE, mid-level relative humidity, 

and aerosol optical depth in the dust- (a-c) and smoke-dominant (d-f) regions. The bold number 

in each cell indicates the number of samples in the cell. The colorbar denotes the number of 

lightning flash rates averaged in each cell. 
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Figure 11. Differences (polluted minus clean subsets of data) in lightning flash rate as a function 

of (a) sea level pressure, (b) potential temperature, (c) mid-level relative humidity, (d) convective 

available potential energy (CAPE), (e) vertical wind shear, and (f) 200-hPa divergence in the 

dust- (in orange) and smoke-dominant regions (in blue). Note that the top third of aerosol optical 

depth (AOD) values [AOD ∈ (0, 1)] is labeled as polluted, and the bottom third is labeled as 

clean. Vertical error bars represent one standard deviation. 
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Figure 12. (a,d) Pearson correlation coefficients of the linear regression relationships between 

the lightning flash rate and the six dynamic-thermodynamic variables and aerosol optical depth 

(AOD). (b,e) Partial correlation coefficients of the relationships between the lightning flash rate 

and any influential factor (AOD or dynamic-thermodynamic variables) with the others as control 

variables. (c,f) Pearson correlation coefficients of the linear regression relationships between 

AOD and any given dynamic-thermodynamic variable. The top panels are for the dust-dominant 

region, and the bottom panels are for the smoke-dominant region. Those bars with dots on them 

signify success of the statistical significance test at the 95% confidence level. Also shown are 

standardized multiple regression equations of the lightning flash rate (y) onto the six 

dynamic-thermodynamic variables (xଵ-x଺) and AOD (x଻) and standardized multiple correlation 

coefficients (R୑). The six dynamic-thermodynamic variables are sea level pressure [SLP (xଵ)], 

potential temperature [θ (xଶ)], mid-level relative humidity [RH (xଷ)], mean convective available 

potential energy [CAPE (xସ)], vertical wind shear [SHEAR (xହ)], and 200-hPa divergence [Div 

(x଺)]. 

 


