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Abstract 23 

The charge structure evolution of a mesoscale convective system with anomalous 24 

or inverted charge structure observed in the Severe Thunderstorm Electrification and 25 

Precipitation Study, a field project on the Colorado–Kansas border in summer 2000, is 26 

simulated using the Weather Research and Forecasting (WRF) model coupled with 27 

electrification and discharge processes. Two non-inductive electrification schemes are 28 

used based on liquid water content (LWC) and graupel rime accretion rate (RAR). 29 

The simulation with the LWC-based electrification scheme cannot reproduce the 30 

inverted charge structure with a positive charge region sandwiched by two negative 31 

charge layers, while the RAR-based electrification scheme produces the evolution 32 

process of a normal–inverted–normal charge structure in the convective region, which 33 

is consistent with the observations. In low RAR (< 2 g m−2 s−1) region, graupel is 34 

mainly negatively charged when it bounces off ice crystals, while the ice crystals take 35 

up positive charge. However, in the zone where the inverted charge structure forms, a 36 

strong updraft (>16 m s−1), high LWC (>2 g m−3) and high RAR (>4.5 g m−2 s−1) 37 

region appears above the height of the −20C layer, so that a positive graupel charging 38 

region is generated above −20C layer of the convective region, resulting in a negative 39 

dipole charge structure with negative charged ice crystals above the positive charged 40 

graupel. The negative dipole is superposed on the positive dipole (positive above 41 

negative) charge structure at the lower position to form an inverted tripole charge 42 

structure. 43 

Keywords  electrification and discharge model, inverted charge structure, mesoscale 44 
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1 Introduction 46 

Inverted charge structure is closely related to the occurrence of positive 47 

cloud-to-ground (CG) lightning (MacGorman and Rust 1998; Guo et al. 2016). It is 48 

also found that the hailstorms present dominant positive CG flashes during periods of 49 

falling hail in central plains region of U.S. and North of China (MacGorman and 50 

Burgess 1994; Liu et al. 2009). 51 

The understanding of the charge structure in thunderstorm has gone through a 52 

process from simple to complex. The earliest concept models of thundercloud were 53 

dipolar charge structures (Wilson1920). Then Simpson et al. (1937; 1941) modified 54 

the dipole models by proposing a tripole structure, with a positive charge center near 55 

the thundercloud base and negative and positive charge centers successively. There 56 

were also screening layers existing at the upper and lower cloud boundaries 57 

(Vonnegut et al. 1962; Marshall et al. 1989). Numerous detection techniques have 58 

been developed to study thunderstorm electricity, and the basic tripole model is 59 

considered to be overly simplified for many situations (Krehbiel 1986). Marshall and 60 

Rust (1991), Stolzenburg et al. (1998) and Coleman et al. (2003) analyzed the 61 

sounding profiles of vertical electric fields in different regions of the United States. 62 

They considered that the charge in thundercloud is multi-layered with 4 to 9 layers. 63 

The charge structure in the weak updraft region is more complex than the strong 64 

updraft region, and the charge structure outside the updraft is more complex than that 65 

in the updraft region. 66 

Although the charge structure in a thunderstorm is complicated, the tripole 67 
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charge structure is still considered to be sufficient to describe the main charge layer in 68 

a thunderstorm (Williams 1989; 2001). In the normal tripole charge structure, a 69 

negative charge region is located from −25 to −10°C sandwiched by two positive 70 

charge layers (Krehbiel et al. 1979; 1986). An important finding of the Severe 71 

Thunderstorm Electrification and Precipitation Study (STEPS) is the confirmation of 72 

the existence of inverted charge structure (Lang et al. 2004). Observations for many 73 

case studies indicated that the charge structure is opposite to the normal tripole charge 74 

structure, that is, the positive charge appears in the temperature layer of the negative 75 

charge, and the negative charge appears in the temperature layer where the positive 76 

charge often occurs. This negative–positive–negative charge structure is generally 77 

termed ‘inverted’ (Rust et al. 2002; MacGorman et al. 2005; Weiss et al. 2008; 78 

Bruning et al .2014). We considered avoiding the terminology of “inverted” following 79 

the arguments of Bruning et al. (2014), but this terminology was used very frequently 80 

in the existing literatures, which make it easy to compare and quote the previous 81 

studies with the same terminology. At the same time, we also thought about the use of 82 

“anomalous”. Although the inverted polarity charge structure appears under relatively 83 

special dynamical and microphysical conditions, it still conforms to the basic 84 

principle of electrification. Therefore, the terminology of “inverted charge structure” 85 

is maintained here. The concepts of positive (negative) dipole, which means that the 86 

positive charge layer above negative charge layer (negative above positive), are used 87 

to describe the features of dipole charge structure (Black and Hallet 1999; Takahashi 88 

and Suzuki 2010). 89 
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The Thunderstorm Electrification and Lightning Experiment (TELEX) was 90 

organized by the United States National Severe Storms Laboratory (NSSL) to study 91 

the formation of inverted charge structure (MacGorman et al. 2008). In general, there 92 

are two theories for the mechanism of inverted charge structure formation (Zhang et al. 93 

2014). One theory is associated with microphysical processes. It is believed that due 94 

to the strong updraft flow and the growth of cloud condensation nuclei, an abnormally 95 

high liquid water content (LWC) appears in mixed-phase regions (Williams et al. 96 

2005) and then a positive graupel charging zone occurs at low temperatures. After 97 

collision of different particles, graupel is positively charged and ice crystals are 98 

negatively charged, resulting in an inverted charge structure (Williams et al. 2005; 99 

Carey and Baffalo. 2007; MacGorman et al. 2008). The other theory attributes the 100 

formation of inverted charge structure directly to the dynamical conditions. It is 101 

considered that the strong updraft not only changes the charging process within the 102 

cloud by affecting the microphysical conditions, but also affects the charge structure 103 

through dynamical transport. Therefore, the inverted charge structure could be 104 

generated when the mixed-phase region in the cloud is also the negative graupel 105 

charging zone. That is, the graupel particles are still negatively charged and the ice 106 

crystal particles are still positively charged. However, due to the dynamical transport 107 

of flow, the charge redistributes and thus forms the inverted charge structure (Bruning 108 

et al. 2010; MacGorman et al. 2011; Xu et al. 2016). This view is called the 109 

dynamical-derived mechanism. There is still some controversy about the formation of 110 

inverted charge structure. Electrification and discharge models are effective tools to 111 
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investigate the formation of inverted charge structure in thunderstorms. 112 

Simulation studies based on cloud models show that different non-inductive 113 

charging schemes present significant differences in the formation of charge structures 114 

in thunderstorms. Charging schemes based on the graupel rime accretion rate (RAR) 115 

easily form inverted charge structures, while charging schemes based on LWC tend to 116 

form normal charge structures (Helsdon et al. 2001; Mansell et al. 2005; Li et al. 117 

2012). However, these previous studies focused on the characteristics of the 118 

non-inductive electrification scheme and not the formation process of inverted charge 119 

structure. The WRF model can reproduce the development of thunderstorms with 120 

more realistic atmospheric conditions. Therefore, the use of WRF model to conduct 121 

further simulation studies of inverted charge storms can enhance the understanding of 122 

inverted charge structure formation. 123 

Xu et al. (2016) used WRF model coupled with electrification and discharge 124 

processes to simulate an inverted charge storm in North China. The results suggested 125 

that dynamical transport plays an important role in the formation of inverted charge 126 

structures in North China. In this study, a mesoscale convective system (MCS) with 127 

inverted charge structure observed in the STEPS study is simulated using the same 128 

numerical model. Two non-inductive electrification schemes based on the RAR and 129 

LWC are used. The evolution characteristics of the charge structure in the MCS are 130 

compared with the inverted storm in North China. The stratiform and convective 131 

regions of the MCS often show different charge structures (Carey et al. 2005). 132 

Although the charge structure of the stratiform region are shown in the results, we 133 
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only focus on the formation of inverted charge structures in the convective region. 134 

The rest of this paper is organized as follows. A description of the observations 135 

and the model setup are provided in sections 2 and 3, respectively. In section 4, the 136 

formation of charge structure in convective regions is examined. A summary and 137 

discussion are given in section 5. 138 

2 Observations 139 

An MCS observed on 22–23 June 2000 in the STEPS study in the highlands of 140 

the United States was selected. The storm produced >25 mm hail and strong winds of 141 

30 m s1 (Lang et al. 2004). Substantial positive CG lightning occurred in the 142 

development of the MCS and the proportion of positive CG lightning reached nearly 143 

80% in the mature stage of the storm (Lang et al. 2004). Figure 1 shows the evolution 144 

of the positive CG lightning ratio observed by the National Lightning Detection 145 

Network (NLDN) during the MCS. A description of the related distribution and 146 

positioning accuracy of the NLDN can be found in Cummins et al. (1998). Although 147 

the storm is dominated by negative CG lightning most of the time, positive CG 148 

lightning dominates at certain time intervals, such as from 01:20 to 04:40 on 23 June. 149 

Figure 2 shows the evolution of radar echoes observed by a Doppler radar 150 

(KGLD station, based in Goodland, Kansas). After the storm onset, the storm 151 

gradually moves eastward and forms a convective line. As the storm develops toward 152 

the southeast, the storm shows the characteristics of a trailing stratiform MCS. The 153 

radar reflectivities show a lumpy structure overall. Tessendorf et al. (2007) analyzed 154 
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the evolution of charge structure during this MCS from 00:00 UTC to 03:00 UTC on 155 

23 June. They showed that the storm displayed an obvious inverted charge structure 156 

using various observations, such as Lightning Mapping Array data. 157 

3 Model description 158 

The WRF-Electric model coupled with the physical processes of electrification 159 

and discharge (Xu et al. 2012; 2014) is used in this study. The electrical processes 160 

were coupled with the Milbrandt two-moment microphysical scheme in the 161 

WRF-Electric model. An electrical WRF model also has been developed by using the 162 

NSSL two-moment microphysical scheme (Fierro et al. 2013). However, the 163 

WRF-Electric model used in this study was developed in a parallel effort to Fierro et 164 

al. (2013). 165 

The location of the three study domains and the terrain height are shown in 166 

Figure 3. The terrain of the simulated area shows high elevation in the west and low 167 

elevation in the east. The horizontal resolutions of three domains are 9 km, 3 km, and 168 

1 km, respectively, with two-way interactive nesting. The mesh sizes of the three 169 

domains are 208 × 208, 361 × 361, and 511 × 511, respectively, with the center of the 170 

grid at 40° N, 102° W. In the vertical direction, 43 uneven σ levels were used for all 171 

the meshes as in Zhang et al. (2011). The simulation time is from 06:00 UTC on 22 172 

June to 12:00 UTC on 23 June with a total of 30 hours. The time steps for the three 173 

domains are 30 s, 10 s, and 3.33 s, respectively. The simulation results are outputted 174 

hourly. 175 



10 
 

The physical schemes used in the experiment are as follows. The Milbrandt 176 

two-moment microphysical scheme (Milbrandt et al. 2005a, 2005b) coupled with the 177 

electrical processes is used in the three study domains. Other model physics processes 178 

include the RRTM (Rapid Radiative Transfer Model) longwave radiation scheme 179 

(Mlawer et al. 1997), the Dudhia shortwave radiation scheme (Dudhia, 1989), and the 180 

YSU (Yonsei University) planetary boundary layer (Hong et al. 2006). The Kain–181 

Fritsh cumulus parameterization scheme (Kain 2004) is only applied to the 9 km 182 

mesh. 183 

Two non-inductive electrification schemes are used based on LWC and RAR. 184 

The LWC-based scheme is adapted from the research by Gardiner et al., (1985), 185 

Ziegler et al., (1991) and Tan et al., (2014) (hereafter TGZ). Under this scheme, when 186 

graupel particles (or hail) collide with ice crystal particles (or snow), the polarity of 187 

charge obtained by graupel/hail depends on the liquid water content and the ambient 188 

temperature. As shown in Fig. 4a, the black solid line represents the reversal 189 

temperature, which determines the sign of charge transfer when graupel (or hail) 190 

collides with the ice and snow. The graupel would charge positively when 191 

bounced-off ice crystals in the regions where reversal temperature is smaller than 192 

environment temperature, while the ice crystals would charge with opposite polarity. 193 

These regions can be defined as positive graupel charging zones, while the regions 194 

where reversal temperature is greater than environment temperature can be defined as 195 

negative graupel charging zones. 196 

The RAR-based scheme is from Saunders and Peck (1998) (hereafter SP98). The 197 
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RAR is equal to the EW multiplied by V (where V is the relative velocity between the 198 

droplets and graupel). EW is called the effective liquid water, which is the LWC 199 

multiplied by the collection efficiency of the riming particle. RAR is considered an 200 

important variable because the sign and magnitude of charge transfer between 201 

rebounding ice crystals and a graupel surface is controlled by the riming surface 202 

diffusional growth rate, which itself is dependent on temperature while being heated 203 

by accreted, freezing, droplets. Saunders and Peck (1998) constructed a curve of 204 

critical RAR (RARcrit) at which the charging of graupel changes sign for a particular 205 

temperature (negative at lower RAR and positive for higher). The critical RAR curve 206 

for the SP98 scheme delineates the positive and negative graupel charging zones as a 207 

function of RAR and temperature. It is shown in Fig. 4b. 208 

The TGZ scheme takes into account the collisional charging processes between 209 

graupel and ice crystals and between hail and ice crystals and snow, whereas the SP98 210 

scheme only considers the non-inductive charging process between graupel and ice 211 

crystals. 212 

4 Results 213 

4.1 Evolution characteristics of charge structure simulated by TGZ scheme 214 

Figure 5 shows the evolution of the simulated radar composite reflectivities in 215 

the MCS. After the storm onset, the storm mainly moves eastward and gradually 216 

forms a multicell storm with a line structure. With the development of the storm, the 217 

radar echo shows an MCS structure with convective and stratiform regions. The storm 218 
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moves southeastward during the later period of development. Compared with the 219 

observed radar echoes, the simulated storm shape and direction of movement are 220 

basically consistent with the observations. The main deviation of the simulation from 221 

the observations lies in the fact that the MCS appears farther north and the simulated 222 

storm forms the convective line structure earlier. Note that the southeast side of the 223 

storm is the moving direction and is called the front side of the storm. The low-level 224 

winds in front of the storm are dominated by inflows (figure not shown). Four 225 

representative vertical cross-sections A1–A2, B1–B2, C1–C2, and D1–D2 are selected 226 

from Figure 5 to compare the charge structure of the storm at different locations at 227 

different times. The representativeness of the selected cross-sections is explained in 228 

the discussion part (section 5). The evolution characteristics of the charge density are 229 

mainly analyzed in the vertical cross-sections. An observation study of this MCS 230 

(Tessendorf et al. 2007) suggested that the storm at 00:00 UTC displays an inverted 231 

charge structure, corresponding to the B1–B2 and C1–C2 vertical cross-sections (Fig. 232 

5c). 233 

Figure 6 shows the evolution of the simulated total charge density. The four 234 

cross-sections A1–A2, B1–B2, C1–C2, and D1–D2 correspond to those identified by 235 

the same letters in Fig. 5, (a)–(d) are the results based on the TGZ scheme and (e)–(h) 236 

are the results based on the SP98 scheme. The main convective regions locate at 20 237 

km–40 km in A1–A2, 60 km–120 km in B1–B2, 40 km–70 km in C1–C2 and 220 238 

km–280 km in D1–D2. The simulation results with the TGZ scheme are analyzed first. 239 

During the initial stage of the storm, the cloud is weakly charged. The upper level of 240 
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cloud in the convective region is a positive charge layer. In the lower level, a negative 241 

charge layer appears between −25°C and −10°C. A positive dipole charge structure 242 

with a positive charge layer above a negative layer forms in the cloud (Fig. 6a). With 243 

the development of the storm, the total charge density in the cloud gradually increases 244 

and the charge structure is a positive dipole structure (Fig. 6b–c). At the later stage, a 245 

positive charge region forms near and below 0°C in the convective region, forming a 246 

positive–negative–positive tripole charge structure (Fig. 6d). In the TGZ scheme, the 247 

convective region is dominated by a positive dipole or tripole charge structure, and an 248 

inverted charge structure is not found in the simulation. 249 

In the vertical cross-sections that pass through both the convective and stratiform 250 

regions, the main negative charge layer is significantly tilted from the convective 251 

region to the stratiform region (Fig. 6c–d). Compared with the convective region, the 252 

height of the negative charge layer (above the −25°C layer) is clearly higher in the 253 

stratiform region. Underneath the main negative charge layer of the stratiform cloud, 254 

there is a distinct positive charge layer. Thus, a negative dipole charge structure with a 255 

negative charge layer above a positive charge layer dominates in the stratiform region. 256 

At some points, there is also a thin layer of positive charge above the main negative 257 

charge layer in the stratiform region (Fig. 6c). The main positive charge region of the 258 

stratiform cloud lies in the region of −25 to −10°C, which is close to the temperature 259 

layer of the main negative charge layer in the convective region. 260 

4.2 Evolution characteristics of charge structure simulated by SP98 scheme 261 
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The evolution of the charge structure simulated by the SP98 scheme is 262 

significantly different from that simulated by the TGZ scheme. At the initial stage of 263 

the storm, the convective region exhibits a positive dipole charge structure (Fig. 6e), 264 

which is similar to the results of TGZ scheme. Then the storm gradually develops into 265 

a trailing stratiform MCS. The cells of the convective line show an inverted charge 266 

structure. There is a main positive charge layer, sandwiched by two negative charge 267 

layers (Fig. 6f–g), which is different from the TGZ scheme. As the storm develops, 268 

the inverted charge structure in the convective region disappears and becomes a 269 

normal charge structure (Fig. 6h). The charge structure in the stratiform region 270 

simulated by the SP98 scheme is similar to that simulated by the TGZ scheme. There 271 

is also an obviously higher main negative charge layer with a main positive charge 272 

region below. A negative dipole charge structure is shown in the stratiform cloud 273 

region (Fig. 6g–h). 274 

In summary, the convective cells always show a positive dipole or tripole charge 275 

structure with the TGZ scheme, whereas with the SP98 scheme, the charge structure 276 

shows a normal–inverted–normal evolution. The appearance of an inverted charge 277 

structure with the SP98 scheme is consistent with the observations. Is the formation of 278 

this inverted charge structure associated with dynamical transportation or the inverted 279 

polarity charging process? 280 

The simulation results of the two non-inductive electrification schemes show that 281 

the stratiform and convective regions of the MCS show different charge structures. 282 

The WRF-Electric do not include a melting-related charging mechanism. This makes 283 
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it difficult to conduct the stratiform charge structure analysis since melting is widely 284 

understood to have a major influence on stratiform charging near 0 °C (Shepherd et al. 285 

1996, Evtushenko and Mareev 2009). In the following, only the charge structure 286 

formation in the convective regions of the MCS is discussed. 287 

4.3 Formation of charge structure in convective region of the MCS 288 

This section investigates the formation of the charge structure in the convective 289 

region of the MCS by analyzing the charge density of different particles, updraft, and 290 

LWC in the cloud. The vertical distributions of the mixing ratio and charge density of 291 

graupel and ice crystals under the TGZ scheme are shown in Figs. 7a–d and 8a–d, 292 

respectively. The noninductive charging rates of graupel at the same time as Fig. 7 for 293 

the TGZ scheme are shown in Fig. 9a–d. The non-inductive charging processes 294 

between graupel and ice crystals play an important role in this simulation. At low 295 

temperatures (below −15°C), the charging processes between different particles in the 296 

convective region mainly occur in the negative graupel charging zone. In this region, 297 

graupel is negatively charged (Fig. 7a–c) and ice crystals are positively charged (Fig. 298 

8a-c), which is the common charging process in the mixed-phase zone in cloud. 299 

Comparing the mixing ratio of the two particles, the horizontal distribution of the ice 300 

crystals is wider and the position is higher than that of graupel. The positive charge 301 

region composed of ice crystals is slightly higher than the negative charge region 302 

composed of graupel. The main charged particles exhibit a positive dipole charge 303 

structure with positive above and negative below in the convective region. In the later 304 
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stage of development of the MCS there is a small positive charge region composed of 305 

hail in the vicinity of 0°C and below (Fig. 7d), thus forming a positive–negative–306 

positive tripole charge structure in the cloud. Negatively charged ice crystals appear in 307 

the corresponding position (Fig. 8d). This is due to collisions between ice crystals and 308 

hail (graupel) near the layer of −15 to 0°C. During this process, the ice crystals are 309 

negatively charged, while the hail particles are positively charged. The falling of hail 310 

causes a reduction of charge in the positive charge region in the lower part of the 311 

cloud until it reaches the ground. In this case, >25 mm hail was indeed observed. 312 

From this analysis, we can explain the formation of charge structure simulated by the 313 

TGZ scheme. However, for this example, the charge structure simulated by the SP98 314 

scheme is more consistent with the observations. 315 

The vertical distributions of the mixing ratio and charge density of graupel and 316 

ice crystals under the SP98 scheme are shown in Figs. 7e–h and 8e–h, respectively. 317 

The noninductive charging rates of graupel at the same time as Fig. 7 for the SP98 318 

scheme are shown in Fig. 9e–h. At the initial stage of the storm, the non-inductive 319 

graupel–ice charging process mainly occurs in the negative graupel charging zone 320 

(Fig. 9e). The positive charge layer formed by ice crystals and the negative charge 321 

region formed by graupel constitute a positive dipole charge structure (Figs. 7e and 322 

8e). During the period when the inverted charge structure appears, there is still a 323 

negative graupel charging zone in the convective region (Fig. 9f–g). However, a 324 

positive graupel charging zone also appears in the upper level of cloud at lower 325 

temperature. After the particles have collided and bounced, graupel is positively 326 
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charged (Fig. 7f), while ice crystals are negatively charged (Fig. 8f–g). The graupel 327 

and ice crystals in the upper level of the cloud show a negative dipole charge in the 328 

positive graupel charging zone, while a positive dipole charge structure forms in the 329 

negative graupel charging zone in the lower position, which together form an inverted 330 

tripole charge structure. Since the noninductive charging rate of the graupel in the 331 

upper level of the cloud is positive (Fig. 9g), positively charged graupel should also 332 

exist in the same region in Fig. 7g, which may not be present due to the selection of 333 

the cross-section. In the cross-section D1-D2, the positive graupel charging zone in 334 

the upper level of the cloud becomes weak in the convective region (Fig. 9h) and a 335 

positive dipole charge structure still appeared in the cloud (Figs. 7h and 8h). At the 336 

bottom of the cloud, there is also a graupel positive charging region appears, which 337 

makes the charge structure in the cloud complicated. 338 

In the SP98 scheme, the height of the main positive charge layer (−30–−20°C) of 339 

the inverted charge structure in the convective region is higher than that of the 340 

common positive charge layer of the inverted charge structure (−25–−10°C) (Krehbiel 341 

et al. 1979; Krehbiel 1986; Rust and MacGorman 2002). This is due to the fact that 342 

the inverted charging process at low temperature only occurs in the upper level of the 343 

cloud in the simulation. If the cloud in the region of −25–−10°C has a sufficiently 344 

high RAR value, these regions could also show a positive graupel charging zone. 345 

Accordingly, the position of the main positive charge layer is lower in the inverted 346 

charge structure. 347 

The formation of the inverted tripole charge structure in the convective region of 348 
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the MCS in Fig. 6f–g is due to the occurrence of positive graupel charging process in 349 

the upper level of the cloud. Why does inverted electrification occur only at specific 350 

locations and what are the dynamical and microphysical characteristics associated 351 

with it? Figure 10 shows that the inverted charging process occurs only when the 352 

updraft is strong and the LWC and RAR are abnormally high. 353 

High vertical velocity is mainly located in the convective region. In the 354 

convective region where the inverted charge structure is generated (Fig. 10b–c), there 355 

is a broad and strong updraft in the cloud with a maximum vertical velocity exceeding 356 

16 m s−1. The high-value region of the vertical velocity (>12 m s−1) is mainly 357 

distributed above the height of the −20°C layer. The spatial distribution of the LWC 358 

shows that in the region where the inverted charge structure appears, the LWC 359 

exceeds 2 g m−3 above the height of the −20°C layer (Fig. 10f–g). During the period 360 

when no inverted electrification occurs, the high-value region of LWC is below the 361 

height of the −20°C layer, although there is a strong updraft above the height of the 362 

−20°C layer (Fig. 10h). This indicates that the high-value area of vertical velocity 363 

does not match the high-value region of LWC. The RAR value is the product of LWC 364 

and the relative velocity between different particles, which is closely related to the 365 

updraft in the cloud. The abnormal high RAR regions (Fig. 10j) is more consistent of 366 

the positive graupel charging zone (Fig. 9f–g) in low temperature (< −20°C). In fact, 367 

the influence of RAR is more direct than LWC and vertical velocity in the charge 368 

separation process for the SP98 scheme. These conditions for the formation of the 369 

inverted charging process are consistent with the theory proposed by previous studies 370 
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(Williams et al. 2005; Carey and Buffalo 2007; MacGorman et al. 2008). However, in 371 

this study, the position where the inverted charging process takes place is higher and 372 

the temperature of the main positive charge region in the inverted charge structure is 373 

lower. 374 

From the previous analysis, it can be seen that the region where the inverted 375 

charge structure appears is accompanied by high vertical velocity, LWC and RAR 376 

value. In the same condition, why does only the SP98 scheme produce inverted 377 

charge structure? 378 

By analyzing the noninductive charging rate of graupel for the TGZ scheme (Fig. 379 

9a–d), it can be seen that the low-temperature region (< −13.8°C) is the negative 380 

graupel charging region, while the high-temperature region (> −13.8°C) is the positive 381 

graupel charging region. In this case, only a normal tripole charge structure can be 382 

formed. It means that the LWC is not high enough to produce a positive graupel 383 

charging region in the low temperature region. From the charging zones of the TGZ 384 

(Fig. 4a), it can also be seen that when the temperature is lower than −13.8°C, the 385 

LWC value required for graupel particles to obtain positive charges in collisions is 386 

higher as the temperature decreases. For instance, the 2.24 g m−3 LWC is required for 387 

−20°C, and the 4.24 g m−3 LWC is required for −30°C. Therefore, the lower the 388 

temperature, the harsher the conditions for graupel particles to acquire positive 389 

charges after collision. This makes it difficult to form a positive graupel charging 390 

region in the upper level of the cloud. 391 

In contrast, although the main body of the cloud simulated by SP98 scheme is 392 
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still dominated by the graupel negative charging regions, a positive charging region of 393 

graupel particles appears in the upper level of the cloud (Fig. 9f–g), thus forming a 394 

negative tripole charge structure. From charging zones of the SP98 scheme (Fig. 4b), 395 

it can be seen that in the region where the temperature is greater than −10°C, the 396 

condition for graupel to obtain a positive charge is that the RAR value is higher than 397 

about 1 g m−2 s−1. With the gradual decrease of temperature, the critical RAR 398 

gradually increases. However, when the temperature is lower than −23.7°C, the 399 

critical RAR starts to decrease. Therefore, the conditions for graupel particles to 400 

obtain positive charges at low temperatures are not harsh. The RAR value (Fig. 10j–k) 401 

above the temperature layer of −23.7°C even exceeds 4.5 g m−2 s−1, which makes the 402 

graupel particles obtain positive charges under low temperature and form a negative 403 

tripolar charge structure together with the lower graupel negative charging region. It 404 

seems that the SP98 scheme is easier to form an inverted charge structure than TGZ 405 

scheme. 406 

Studies that considered the formation of inverted charge structure to be due to 407 

inverted electrification mostly analyzed thunderstorms in the United States. In the 408 

simulation of a hailstorm system in North China (Xu et al. 2016), although a wide and 409 

strong updraft could be produced, the LWC was small in both range and magnitude. 410 

The LWC was less than 1 g m−3 above the height of the −10°C layer. Regardless of 411 

the scheme used (TGZ or SP98), the microphysical conditions for inverted charge 412 

structure are not formed in the inverted storms in North China. The low-temperature 413 

regions in the upper level of the cloud are all in the negative graupel charging zone, 414 
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even when the updraft is strong enough. In contrast, in the simulation of the MCS in 415 

STEPS, the area where the LWC exceeds 2 g m−3 reaches the −30°C layer (Fig. 10f–416 

g). This shows that the highlands of the United States may easily form a high-LWC 417 

environment in low-temperature regions, creating microphysical conditions for the 418 

inverted charging process, but it is more difficult for a high-LWC environment to 419 

form in North China. The formation of a dynamical-derived inverted charging process 420 

in North China may be more likely. 421 

5 Summary and Discussion 422 

This study used the electrification and discharge model (WRF-Electric) to 423 

simulate the inverted charge structure of an MCS in the STEPS study conducted in the 424 

highlands of the United States. Two non-inductive electrification schemes, TGZ and 425 

SP98, were used in the simulations. We mainly focused on the formation of inverted 426 

charge structures in the convective region. The main findings are as follows. 427 

The convective region of the MCS is dominated by the negative polarity 428 

charging of graupel. The charge structure in the convective region simulated with the 429 

non-inductive electrification scheme based on the RAR is consistent with 430 

observations. With the development of the storm, the charge structure in the 431 

convective region shows a normal–inverted–normal evolution. In the region where the 432 

inverted charge structure appears, a strong updraft (>16 m s−1), a high LWC (>2 g m−3) 433 

and a high RAR (>4.5 g m−2 s−1) are all present above the height of the −20°C layer, 434 

leading to an inverted charging process above the layer. During the collision of large 435 
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and small particles, graupel obtains a positive charge and ice crystals obtain a 436 

negative charge. The negative dipole charge structures formed by the positive polarity 437 

charging of graupel in the upper level of the cloud are superposed on the positive 438 

dipole charge structures at the lower positions, which together constitute an inverted 439 

tripole charge structure. 440 

The non-inductive electrification scheme based on LWC forms a positive dipole 441 

or tripole charge structure in the convective region of the MCS, where the main 442 

negative charge layer is located at the temperature layer of −25–−10°C. As the 443 

negative polarity charging of graupel is predominant in the cloud, negative graupel 444 

and positive ice crystal particles form a normal charge structure in the convective 445 

region after the collision and sedimentation of different particles. In the later period of 446 

development of the MCS, ice crystals and hail collide in the relatively high 447 

temperature layers (−15–0°C) and a small amount of positively charged hail particles 448 

or graupel are formed near the temperature layer of 0°C. Together they form a normal 449 

tripole charge structure in the convective region along with positive dipole charge 450 

structures. 451 

In the inverted severe storm in the highlands of the United States, the positive 452 

polarity charging of graupel is likely to form in the upper level of the cloud. The 453 

inverted charge structure tends to be formed by microphysical processes. In contrast, 454 

MCSs are more likely to form an inverted charge structure through a direct dynamical 455 

transportation process in inverted storms in North China. However, as the analysis in 456 

this study is based on only one case, this finding may not be universally applicable. To 457 
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further confirm the existence of such differences in the formation of inverted charge 458 

structure, more detailed analyses are needed from the background of synoptic scale. 459 

In fact, the source of charge in the stratiform region also should be further 460 

analyzed through numerical simulations. The updraft core in the cloud was the 461 

predominant region of active charging (Calhoun et al. 2014). As the vertical velocity 462 

in the stratiform region is relatively weak, it is considered that there is a lower 463 

possibility of local non-inductive electrification (Yair 2008). Positive ice crystals and 464 

negative graupel in the stratiform cloud region are likely transported from the 465 

convective region. However, some studies considered that the charge transport and 466 

localization of electrification in the stratiform region both play an important role 467 

(Hodapp et al. 2008). Hence, the source of charge in the stratiform cloud region is still 468 

not clear. 469 

It is also necessary to discuss the representativeness of the vertical cross-sections 470 

in section 4. The grids with composite reflectivity exceeding 45 dBZ were selected as 471 

core convective region, and the total charge density in these grids is averaged in a 472 

horizontal range to obtain the vertical profile of the mean total charge density. Figure 473 

11 shows the evolution of the mean charge density profile with time under TGZ and 474 

SP98 schemes. In the TGZ scheme, the evolution of the charge structure is relatively 475 

simple, and the overall charge structure changed from dipole to positive tripole (Fig. 476 

11a). While in the SP98 scheme (Fig. 11b), the electrical structure exhibits a positive 477 

tripole structure before 16h. During the period of 17-21 h, negative charge region 478 

appeared obviously at 12 km and above and the inverted charge structure was present. 479 
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After 22 h, the overall charge structure exhibits the negative bipolar charge structure. 480 

Although the basic evolution trend of the charge structure can be distinguished in the 481 

SP98 scheme, the charge density profiles display a relatively complex situation. 482 

The red triangles in Fig. 11 indicate the time (15 h, 18 h, 23 h) of the selected 483 

cross-sections. The three moments can represent the different stage of the charge 484 

structure evolution in the TGZ and SP98 schemes. Therefore, the cross-sections used 485 

in the paper are representative from the perspective of the overall charge structure. In 486 

such a multi-cell storm, some cells exhibit inverted polarity charge structure and some 487 

cells exhibit normal polarity charge structure, which make the mean charge structure 488 

profiles more complex. Therefore, the formation process of the inverted polarity 489 

charge structure can be captured relatively clearly from the selected cross-sections. 490 
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Figure Captions 618 

Fig. 1. Proportion of positive CG lightning observed by the NLDN during the 619 

evolution of an MCS from 18:00 UTC on 22 June to 12:00 UTC on 23 June. 620 

Fig. 2. Radar composite reflectivity observed by NEXRAD (Next Generation Weather 621 

Radar) Doppler radar. (a)–(h): 22:00 on 22 June 22 to 05:00 on 23 June UTC at one 622 

hour intervals; units: dBZ. t=16~23h indicates the relative time to 06:00 on 22 June. 623 

Fig. 3. Terrain height and locations of the three study domains. 624 

Fig. 4. Charging zones of the noninductive charge separation schemes. (a) The 625 

reversal temperature curve (solid black line) used in the TGZ scheme. (b) The critical 626 

rime accretion rate curve (solid black line) used in the SP98 scheme. The 627 

positive/negative symbols represent the positive/negative graupel charging zones. 628 

Fig. 5. Simulated composite radar reflectivity in domain 2. (a) 21:00 on 22 June, (b) 629 

23:00 on 22 June, (c) 00:00 on 23 June, (d) 02:00 on 23 June, (e) 04:00 on 23 June, (f) 630 

05:00 on 23 June. The letters A1–A2, B1–B2, C1–C2 and D1–D2 denote the positions 631 

of the four vertical cross-sections. 632 

Fig. 6. Vertical cross-sections of total charge density (nC m−3; shaded) along the black 633 

lines shown in Fig. 5. (a)–(d) show the simulation results with the TGZ scheme and 634 

(e)–(h) show the simulation results with the SP98 scheme. The horizontal lines 635 

represent the isotherm lines of −20, −10 (dashed lines), and 0°C (solid line). The solid 636 

line labeled “5” represents the contour line of 5 dBZ. 637 

Fig. 7. As in Fig. 6, but for the graupel mixing ratio (g kg−1; shaded), charge density 638 

of graupel (nC m−3; red contours of ±0.1, ±0.2, ±0.3, and ±0.5 nC m−3), and charge 639 
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density of hail (nC m−3; green contours of ±0.1, ±0.2 nC m−3). Solid lines indicate 640 

positive values and dashed lines indicate negative values. 641 

Fig. 8. As in Fig. 7, but for the ice mixing ratio (g kg−1; shaded) and charge density of 642 

ice (nC m−3; red contours of ±0.1, ±0.2, ±0.3, and ±0.5 nC m−3). 643 

Fig. 9. As in Fig. 7, but for the graupel noninductive charge separation rates (pC m−3 644 

s−1 shaded) 645 

Fig. 10. Vertical velocity (m s−1; shaded), liquid water content (g m−3; shaded) and 646 

RAR (g m−2 s−1; shaded) for the cross-sections in Fig. 5. 647 

Fig. 11. The time evolution of the mean total charge density profiles. (a) In the TGZ 648 

scheme and (b) in the SP98 scheme. The red triangles indicate the times of the 649 

cross-sections used in section 4.  650 
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 651 

Fig. 1. Proportion of positive CG lightning observed by the NLDN during the 652 

evolution of an MCS from 18:00 UTC on 22 June to 12:00 UTC on 23 June.653 
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 654 

Fig. 2. Radar composite reflectivity observed by NEXRAD (Next Generation Weather 655 

Radar) Doppler radar. (a)–(h): 22:00 on 22 June 22 to 05:00 on 23 June UTC at one 656 

hour intervals; units: dBZ. t=16~23h indicates the relative time to 06:00 on 22 June. 657 
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 658 

Fig. 3. Terrain height and locations of the three study domains.  659 
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 660 

Fig. 4. Charging zones of the noninductive charge separation schemes. (a) The 661 

reversal temperature curve (solid black line) used in the TGZ scheme. (b) The critical 662 

rime accretion rate curve (solid black line) used in the SP98 scheme. The 663 

positive/negative symbols represent the positive/negative graupel charging zones. 664 



38 
 

 665 

Fig. 5. Simulated composite radar reflectivity in domain 2. (a) 21:00 on 22 June, (b) 666 

22:00 on 22 June, (c) 00:00 on 23 June, (d) 01:00 on 23 June, (e) 04:00 on 23 June, (f) 667 

05:00 on 23 June. The letters A1–A2, B1–B2, C1–C2 and D1–D2 denote the positions 668 

of the four vertical cross-sections. 669 
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 670 

Fig. 6. Vertical cross-sections of total charge density (nC m−3; shaded) along the black 671 

lines shown in Fig. 5. (a)–(d) show the simulation results with the TGZ scheme and 672 

(e)–(h) show the simulation results with the SP98 scheme. The horizontal lines 673 

represent the isotherm lines of −20, −10 (dashed lines), and 0°C (solid line). The solid 674 

line labeled “5” represents the contour line of 5 dBZ. 675 
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 676 

Fig. 7. As in Fig. 6, but for the graupel mixing ratio (g kg−1; shaded), charge density 677 

of graupel (nC m−3; red contours of ±0.1, ±0.2, ±0.3, and ±0.5 nC m−3), and charge 678 

density of hail (nC m−3; brown contours of ±0.03, ±0.05 nC m−3). Solid lines indicate 679 

positive values and dashed lines indicate negative values. 680 
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 681 

Fig. 8. As in Fig. 7, but for the ice mixing ratio (g kg−1; shaded) and charge density of 682 

ice (nC m−3; red contours of ±0.1, ±0.2, ±0.3, and ±0.5 nC m−3).  683 
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 684 

Fig. 9. As in Fig. 7, but for the graupel noninductive charge separation rates (pC m−3 685 

s−1 shaded).  686 
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 687 

Fig. 10. Vertical velocity (m s−1; shaded), liquid water content (g m−3; shaded) and 688 

RAR (g m−2 s−1; shaded) for the cross-sections in Fig. 5.  689 
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 690 

Fig. 11. The time evolution of the mean total charge density profiles. (a) In the TGZ 691 

scheme and (b) in the SP98 scheme. The red triangles indicate the times of the 692 

cross-sections used in section 4. 693 


