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ABSTRACT4

A lightning data assimilation technique is developed for use with observations from the5

World Wide Lightning Location Network (WWLLN). The technique nudges the water vapor6

mixing ratio toward saturation within 10 km of a lightning observation. This technique is7

applied to deterministic and ensemble forecasts of the 29 June 2012 derecho event and a8

deterministic forecast of the 17 November 2013 convective event using the Weather Research9

and Forecasting (WRF) model run at a convection-resolving resolution. Lightning data are10

assimilated over the first 3 hours of the forecasts, and the subsequent impact on forecast11

quality is evaluated. For both events, the nudged deterministic simulations produce com-12

posite reflectivity fields that are closer to observations. For the ensemble forecasts of the 2913

June 2012 event, forecast improvements from lightning assimilation are more subtle than for14

the deterministic forecasts, suggesting that the lightning assimilation may foster greater im-15

provements in ensemble convective forecasts where conventional observations (e.g., aircraft,16

surface, radiosonde, satellite) are less dense or unavailable.17
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1. Introduction18

Advances in computing power have made it possible for operational regional forecast sys-19

tems to reach convection-allowing horizontal grid spacings (∆x ≤ 4 km). At such resolutions,20

mesoscale convection begins to become resolved (Weisman et al. 1997), removing the need21

for a cumulus parameterization scheme (CPS) and creating the opportunity to assimilate22

convective-scale observations to improve forecasts. Today, radar reflectivity and short-range23

lightning flash rate observations are assimilated through latent heating into the operational24

Rapid Refresh (RAP) and High-Resolution Rapid Refresh forecast systems (HRRR; Wey-25

gandt et al. 2008). As advances in computing power continue, operational global forecast26

systems are expected to reach convection-allowing horizontal resolutions in the near future,27

creating a demand for convective-scale observations, particularly over data sparse regions28

such as the open ocean.29

In recent years, continuous, global lightning detection has become possible through long-30

range, land-based detection networks such as the World Wide Lightning Location Network31

(WWLLN) operated by the University of Washington and the Global Lightning Dataset32

(GLD360) operated by Vaisala. Continuous coverage of lightning activity over much of the33

Western Hemisphere will also soon be available through the Geostationary Lightning Mapper34

(GLM) aboard the R-Series Geostationary Operational Environmental Satellite (GOES-R),35

which is expected to launch in 2015 (Goodman et al. 2013). Given the difficulty of acquiring36

continuous mesoscale observations (e.g., radar or mesonet) with global coverage, and the37

lack of GOES-R GLM coverage in the Eastern Hemisphere, lightning location information38

from long-range, land-based networks such as WWLLN provide an opportunity to fill the39

gap in convective-scale observations available for assimilation on a global scale.40

There have been several attempts to assimilate lightning data into numerical weather41

prediction systems. These efforts have dealt with the inability of operational numerical42

weather prediction systems to resolve electrical processes in the atmosphere by establishing43

a relationship between observed lightning activity and atmospheric variables resolved by44
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such systems. Some assimilation experiments have derived regional lightning relationships45

between flash rate and rainfall rate and then scaled the vertical latent heating profile based46

on the inferred rainfall rates (Alexander et al. 1999; Chang et al. 2001; Pessi and Businger47

2009). Pessi and Businger (2009) made use of a long-range lightning detection network that48

could be extended globally with additional sensors. Although forecasts of large-scale fields49

such as sea level pressure improved in these experiments, the low horizontal resolution of50

the models employed (∆x ≥ 27 km) prevented explicit resolution of convection. It is also51

unclear how regionally based relationships between flash rate and rainfall rate, which are52

known to vary globally (Petersen and Rutledge 1998), can be applied on a global scale.53

A second group of studies have assimilated lightning into higher resolution regional mod-54

els (∆x = 10 km). In Papadopoulos et al. (2005), model humidity profiles are nudged toward55

humidity profiles derived from observed soundings when lightning occurred. Although the56

technique produced improved convective precipitation forecasts during the assimilation pe-57

riod and subsequent 12-hour forecasts, it made use of regionally and seasonally specific58

moisture profiles, making it difficult to apply globally. Mansell et al. (2007) forced lifting59

to the level of free convection when lightning was observed and added moisture to lifted60

parcels to satisfy minimum cloud depth and peak updraft criteria, resulting in improved61

cold pool representation and subsequent convective initiation. Although these studies have62

realized improvement in convective fields by assimilating lightning, they relied on CPSs to63

produce convection and therefore may not be relevant to simulations at convection-allowing64

horizontal resolutions.65

The first attempt to assimilate lightning using a convection-allowing horizontal grid spac-66

ing by Fierro et al. (2012, 2014; ∆x = 1 km), modified the humidity in the mixed-phase67

region (−20◦C ≤ T ≤ 0◦C), where charge separation is most significant according to non-68

inductive charging theory (Saunders 2008 and references therein). The water vapor mixing69

ratio was nudged based on observed gridded flash rates, with the amount of nudging in-70

versely proportional to the amount of graupel present in a model grid cell. This technique71
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significantly improved the simulation of a line of thunderstorms in Oklahoma as well as the72

0-6 hour forecast of a destructive derecho in the upper Midwest and mid-Atlantic United73

States in June 2012. Since moisture nudging in Fierro et al. (2012, 2014) was confined to74

the aforementioned temperature range, this assimilation technique did not attempt to induce75

surface-based ascent (in contrast to Mansell et al. 2007).76

In addition to decreases in horizontal grid spacing, advances in computing power have77

allowed for the introduction of high-resolution ensemble forecasting and associated data as-78

similation techniques, such as the Ensemble Kalman Filter (EnKF, Evensen 1994) approach,79

which uses error covariance statistics derived from the ensemble members to update model80

state variables away from the observation location. Assimilating lightning using an EnKF81

is problematic because it is difficult to specify a forward model and because the discon-82

tinuous nature of convection can result in the rejection of a lightning observation when no83

ensemble members are producing convection in that location. Thus, an approach is needed84

to assimilate lightning outside of the EnKF that is compatible with the assimilation of85

other observations by the EnKF. One approach, suggested by Ballabrera-Poy et al. (2009),86

demonstrated reduced analysis error when including large-scale, slowly evolving observations87

in EnKF updates and assimilating small-scale, quickly evolving observations using nudging88

in the Lorenz and Emanuel (1998) model.89

Given the ease of implementation of observation nudging, as well as the success of mois-90

ture nudging as a lightning data assimilation technique in previous high-resolution studies,91

a lightning data assimilation technique based on moisture nudging is described in this work,92

using global, continuous lightning location data available from the WWLLN network. This93

technique is tested for high-resolution deterministic and ensemble forecasts of the June 201294

derecho and for a deterministic forecast of the 17 November 2013 convective event. The95

performance of the assimilation technique is assessed based on its impact on the short-term96

forecast (≤ 24 hours) of convective features in these simulations, such as reflectivity and97

rainfall. It is found that lightning-nudged deterministic forecasts are closer to observations98
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and that the impact of lightning nudging on ensemble forecasts is less dramatic, suggesting99

that the lightning nudging may be most effective in the absence of conventional observations100

(e.g., aircraft, surface, radiosonde, satellite).101

2. Data and Methods102

a. Lightning Data103

For this study, lightning location data from the Worldwide Lightning Location Network104

(WWLLN) is employed. WWLLN is a network of 68 sensors (as of December 2013) that105

detect sferics; very low frequency (3 − 30 kHz) radiation packets produced by lightning106

strokes. The propagation of sferics within the Earth-ionosphere wave guide allows for the107

detection of lightning at distances of thousands of kilometers, enabling WWLLN to provide108

global lightning detection coverage (Dowden et al. 2002).109

WWLLN is able to detect both intracloud (IC) and cloud-to-ground (CG) lightning110

strokes. Since the detection efficiency of the network increases with the peak current of111

lightning strokes, WWLLN is more efficient at detecting CG lightning due to the associ-112

ated higher peak currents (Jacobson et al. 2006). The detection efficiency of WWLLN is113

approximately 10 − 11%, with location errors less than 10 km based on comparisons with114

observations from the short-range lightning observation networks in North America that115

have detection efficiencies exceeding 90% and location accuracies within 1 km (Abarca et al.116

2010; Abreu et al. 2010). Despite its low detection efficiency, WWLLN is highly efficient at117

detecting lightning-producing storms during 3-hour periods (Jacobson et al. 2006).118

Although the time of group arrival technique employed by WWLLN requires four sensors119

to locate a lightning stroke (Dowden et al. 2002), only strokes detected by five or more light-120

ning sensors are retained by WWLLN. Location errors several orders of magnitude larger121

than average may occur if sferics associated with distinct lightning strokes are mistakenly122

attributed to one lightning stroke (R. Holzworth 2012, personal communication) and thus,123
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it is necessary to filter mislocated lightning strokes. This is accomplished by binning ob-124

served lightning strokes into 0.5◦ × 0.5◦ degree bins and removing all strokes for which no125

other lightning stroke is observed in the same bin, or any adjacent bin within the previous126

60 minutes. Strokes observed by six or more sensors are exempt from the filtering procedure127

(R. Holzworth and J. Brundell 2013, personal communication).128

b. Assimilation Technique129

Motivated by the success of previous work, a four-dimensional data assimilation technique130

known as Newtonian relaxation, or nudging, is applied to lightning location observations in131

this study. The observation nudging process by Stauffer and Seaman (1994) is designed for132

assimilation of surface and upper-air measurements of prognostic variables such as temper-133

ature, wind, and water vapor mixing ratio. Since lightning is not explicitly forecast by the134

Weather Research and Forecasting (WRF) model, it is necessary to decide how to nudge135

the simulated atmospheric state toward conditions that are representative of the lightning136

observed by WWLLN.137

WWLLN is more efficient at detecting CG lightning than IC lightning, which generally138

occurs after the cloud top has reached its maximum height (Williams et al. 1989; Solomon139

and Baker 1998). Thus, in this study the water vapor mixing ratio is nudged toward the140

saturation water vapor mixing ratio (100% relative humidity) at all vertical levels in the tro-141

posphere (levels where atmospheric pressure exceeds 200 hPa) within 10 km of any observed142

lightning stroke. This assimilation technique decreases the lifting condensation level (LCL)143

and increases the convective available potential energy (CAPE), encouraging the production144

of a deep cloud where lightning strokes are observed.145

Although previous studies have used nudging as a lightning data assimilation technique146

(Papadopoulos et al. 2005; Fierro et al. 2012, 2014), the water vapor nudging technique147

described here addresses several weaknesses in those techniques. First, this technique is148

independent of parameterized microphysical quantities, unlike the technique in Fierro et al.149
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(2012, 2014), avoiding the need to establish a relationship between microphysical quantities150

(e.g., graupel) and lightning, and avoiding the need to tune the technique for different151

microphysics schemes. Second, this technique does not restrict nudging to any vertical152

region of the troposphere, instead encouraging both surface-based and elevated convection153

by nudging the water vapor mixing ratio at all vertical levels within the troposphere. This154

is in contrast to the assimilation technique of Fierro et al. (2012, 2014), which restricts155

moisture nudging (and therefore convective initiation) to the mixed-phase region. Third,156

this technique nudges moisture, a requirement of convective activity, instead of nudging157

a quantity such as latent heating that is a consequence of convective activity (Alexander158

et al. 1999; Chang et al. 2001; Pessi and Businger 2009). By taking this approach, there159

is no need to rely on region-specific relationships between lightning and rainfall or assumed160

latent heating profiles. Fourth, this technique is independent of the observed flash rate,161

taking advantage of a simple physical interpretation of WWLLN observed lightning strokes162

that obviates tuning the assimilation technique for spatial variations in flash rates, such as163

between land-based and ocean-based storms (Williams and Chan 2004).164

The technique described above is performed using a modified version of the observation165

nudging described in Stauffer and Seaman (1994) and implemented in WRF by Liu et al.166

(2005). In this application of observation nudging, WWLLN strokes are binned into 5-167

minute intervals, so grid points are nudged long enough to initiate convection and short168

enough so the distribution of nudged grid points is representative of the current distribution169

of thunderstorms and not the path of motion of the thunderstorms. The observation quality170

of the WWLLN lightning strokes (filtered as described in Section 2a) is assumed to be171

perfect, and all spatial and temporal weighting functions are modified such that the water172

vapor mixing ratio at a grid point is nudged only if lightning is observed within 10 km173

during the current 5-minute interval. Nudging only occurs below 200 hPa. A schematic174

of this weighting approach is presented in Figure 1. The relaxation time scale is set to 5175

minutes, which yields a nudging coefficient of G = 3.33 × 10−3 s−1. The nudging term does176
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not depend on the number of lightning strokes within 10 km of a grid point.177

Combining the above modifications, the water vapor mixing ratio tendency equation at178

a grid point is described by Equation 1, where x is the spatial location of the grid point, t is179

time, F (α,x, t) represents the physical forcing terms in the model, q̂v is the modelled water180

vapor mixing ratio, qv,s is the saturation water vapor mixing ratio, and d is the distance from181

the grid point to the nearest lightning stroke observed in the 5-minute bin that includes the182

current time step.183

∂p∗qv
∂t

=


F (qv,x, t) +Gp∗ (qv,s − q̂v) , (p > 200 hPa) and (d ≤ 10 km)

F (qv,x, t) , otherwise

(1)

c. Model Configuration184

All numerical weather simulations analyzed in this work are produced using version 3.4185

of the Weather Research and Forecasting model with the Advanced Research dynamics186

solver (WRF-ARW), a fully compressible and non-hydrostatic model currently supported by187

the Mesoscale and Microscale Meteorology division of the National Center for Atmospheric188

Research (NCAR/MMM; Skamarock et al. 2008).189

All simulations are performed on a single domain over the eastern United States with 3 km190

horizontal grid spacing, 750× 550 grid points, and 38 vertical levels. The Thompson 6-class191

bulk microphysics scheme with graupel and double-moment rain and ice is used (Thompson192

et al. 2008). No convective parameterization scheme is used since the horizontal grid spacing193

resolves most convection. Other parameterizations applied include the Rapid Radiative194

Transfer Model long-wave (RRTM) and MM5 short-wave radiation schemes (called every195

30 minutes) as well as the YSU boundary layer scheme. The time-step is 12 seconds and196

boundary conditions are provided every 3 hours from the National Centers for Environmental197

Prediction (NCEP) Global Forecast System (GFS) 0.5◦ forecast initialized at the same time.198

In order to prevent numerical instabilities that may be introduced during data assimilation,199
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vertical motions that result in CFL numbers exceeding one are damped. Additionally, to200

prevent upper boundary reflection, vertical motions are relaxed toward zero in the top 7 km201

of the grid using a coefficient of 0.2 s−1.202

1) Deterministic Experiments203

For the deterministic simulations, 24-hour forecasts are produced using the WRF config-204

uration described in Section 2c with initial conditions from the GFS 0.5◦ resolution analysis.205

For all deterministic experiments, two simulations are performed: a control simulation with206

no data assimilation (labelled as CNTRL) and a simulation with lightning nudging through207

the first 3 hours of the simulation, as described in Section 2b (labelled as NUDGE).208

2) Ensemble Experiments209

The ensemble forecast experiment of the June 2012 derecho is carried out using the210

aforementioned WRF configuration and software provided by the Data Assimilation Re-211

search Testbed (DART) group of NCAR. The ensemble adjustment Kalman filter variant212

of the EnKF (EAKF; Anderson 2001) is used to assimilate observations every three hours213

using observations that are available within 30 minutes of the assimilation time. Obser-214

vations for the EnKF assimilation step are obtained from the National Oceanic and Atmo-215

spheric Administration’s (NOAA) Meteorological Assimilation Data Ingest System (MADIS)216

and include the following observations: METAR surface data, ship and buoy observations,217

satellite-observed winds, radiosonde observations, and observations from the Aircraft Com-218

munications Addressing and Reporting System (ACARS). Observations within 5 grid points219

of the lateral boundaries are discarded, as are upper-level observations at altitudes above220

20 km or at pressure levels less than 100 hPa. Surface observations with elevations differing221

by more than 200 m from model terrain elevation are not assimilated. For both aircraft222

and satellite-wind observations, observations of the same source that are within 45 km hor-223
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izontally and 25 hPa vertically are averaged together to create a super-observation. Any224

observation more than three standard deviations from the ensemble mean is discarded. In225

order to avoid filter divergence, spatially-varying inflation is applied to the ensemble prior226

to EnKF assimilation (Anderson 2009). The Gaspari-Cohn function is used to damp covari-227

ances at large distances (horizontal and vertical radii of 1000 km and 16 km, respectively)228

from an observation in order to prevent spurious covariances from affecting the ensemble229

states at unreasonable distances (Gaspari and Cohn 1999; Hamill et al. 2001).230

For the ensemble experiments, a 24-hour spin-up period between 1200 UTC 28 June 2012231

and 1200 UTC 29 June 2012 is performed. The 64-member ensemble is populated initially232

by perturbing the GFS 0.5◦ analysis valid at 1200 UTC 28 June 2012 using version 3.4233

of the WRF data assimilation (WRFDA) system maintained by NCAR/MMM. WRFDA234

perturbs the GFS analysis according to background error covariances estimated from a year235

of differences in 24- and 48-hour GFS forecasts valid at the same time (the “CV3” option).236

The digital filter initialization option in WRF is applied at 1200 UTC 28 June 2012 using237

30 minutes of backward integration and 15 minutes of forward integration (Huang and238

Yang 2002). For ensemble member integrations beginning at 00, 06, 12, and 18 UTC,239

boundary conditions are from the GFS forecasts initialized 6 hours prior. For ensemble240

member integrations beginning at 03, 09, 15, and 21 UTC, boundary conditions are from241

GFS forecasts initialized 3 hours prior. In order to maintain ensemble spread, the boundary242

conditions are perturbed using the fixed covariance perturbation method (Torn et al. 2006).243

No EnKF assimilation step is performed at 1200 UTC 28 June 2012, and inflation is not244

introduced until just before the 1800 UTC 28 June 2012 EnKF assimilation step. No moisture245

nudging is performed during the 24-hour spin-up period.246

After the spin-up period, which concludes with an EnKF assimilation step at 1200 UTC247

29 June 2012, two versions of the ensemble are run: one without lightning-related moisture248

nudging with a final EnKF assimilation step at 1500 UTC 29 June 2012 (ENS-CNTRL) and249

one with lightning-related moisture nudging from 1200 UTC to 1500 UTC 29 June 2012 with250
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a final EnKF assimilation step at 1500 UTC 29 2012 (ENS-NUDGE).251

d. Evaluation252

In order to evaluate the numerical forecasts, simulated rainfall is compared to the NOAA253

Stage IV precipitation analysis (Lin and Mitchell 2005). This product combines radar- and254

rain gauge-based precipitation observations and is available on a 4 km grid that covers most255

of the domain described in Section 2c, except for a small portions of the Canadian provinces256

of Ontario and Quebec. In this study, the Stage IV data is interpolated to the 3 km grid257

used in the WRF simulations. Only the portions of the domain where Stage IV precipitation258

data are available are used in the evaluation of the forecasts. The Stage IV product is only259

used to evaluate the location of rainfall (indicated by rainfall rates exceeding 1 mm hr−1)260

and not the rainfall rate. The simulations are evaluated using the equitable threat score261

(ETS; Schaefer 1990). For a plan view verification of the numerical simulations, composite262

reflectivity is used.263

3. Results: 29 June 2012264

On 29 June 2012, a particularly severe, long-lived bow echo known as a derecho (Johns265

and Hirt 1987), produced damaging straight-line winds across several Midwestern and Mid-266

Atlantic states. This mesoscale convective system (MCS) is an ideal candidate for examining267

the impact of lightning data assimilation for a number of reasons. First, the event was poorly268

forecast by operational models, with the GFS and NAM (equivalent horizontal grid spacings269

of ∆x = 27 km and ∆x = 12 km, respectively) both failing to forecast the MCS with any270

lead time, providing an opportunity to improve the forecast. Second, the MCS developed271

from the organization of isolated thunderstorms on the morning of 29 June 2012 suggesting272

that model forecast quality can be improved by forcing the correct timing and placement273

of this convection. Third, the lack of obvious synoptic-scale lifting mechanisms to trigger274
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the isolated thunderstorms in the unstable environment suggests that lowering the LCL and275

raising the CAPE in the locations where lightning is observed could encourage the formation276

of thunderstorms in the correct locations. It is worth noting that the experimental HRRR277

model initialized at 1100 UTC 29 June 2012 successfully forecast the development of the278

derecho and that the HRRR assimilates radar reflectivity and short-range lightning flash279

rate observations (Weygandt et al. 2008).280

a. Lightning281

Between 1200 UTC and 1500 UTC 29 June 2012, 4317 lightning strokes were observed by282

WWLLN within the WRF domain described in Section 2c. Location data from 4315 lightning283

strokes were used with the assimilation technique described in Section 2 (2 lightning strokes284

were filtered out, Figure 2). The lightning strokes over eastern Iowa and western Illinois are285

associated with the thunderstorms that organized into the MCS.286

b. Deterministic Experiment287

The average change in integrated water vapor (IWV) at grid points where nudging is288

performed is compared for each 5-minute bin within the first 3 hours of the CNTRL and289

NUDGE simulations (Figure 3a). In CNTRL, no nudging is performed and average changes290

in IWV are nearly zero through the first 3 hours of the simulation. In NUDGE, noticeable291

increases in IWV occur through the first 3 hours of the simulation, particularly over the292

first 5 minutes when the average increase in IWV exceeds 15 kg m−2. Subsequently, average293

increases in IWV hover around 5 kg m−2 for all 5-minute intervals. An analogous result is294

presented for the average change in maximum convective available potential energy (CAPE)295

at grid points where nudging is performed (Figure 3b). In CNTRL, average changes in CAPE296

over each 5-minute lightning assimilation interval are nearly zero through the 3-hour period.297

In NUDGE, substantial increases in CAPE occur at nudged locations, particularly over the298
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first 15 minutes of the simulation when average increases in CAPE exceed 2000 J kg−1.299

After that time, increases in CAPE over each 5-minute interval are modest, consistent with300

an increasing number of nudged locations with non-zero water condensate prior to nudging301

(Figure 3c).302

The impact of the nudging is evident in the simulated composite reflectivity fields (Figure303

4-7). Between 1200 UTC and 1500 UTC 29 June 2012 (the first 3 hours of the simulations),304

the observed composite reflectivity indicates the development of thunderstorms along an east-305

west line across Iowa and eastern Nebraska that organize into a squall line in northwestern306

Illinois, while another line of thunderstorms that is unrelated to the derecho event moves307

across central South Dakota (Figure 4c,f,i). During these 3 hours, CNTRL does not produce308

thunderstorms over Iowa or Illinois, although a group of thunderstorms over central South309

Dakota and a portion of the observed thunderstorms over Nebraska are formed (Figure310

4a,d,g). In NUDGE, the simulated composite reflectivity fields indicate that the nudging311

over these 3 hours has forced or enhanced thunderstorm development in several locations312

compared to CNTRL (Figure 4b,e,h). At 1500 UTC, there is a gap in the thunderstorms in313

NUDGE just west of the Illinois Iowa border that is not present in the observations. This is314

due to a lack of WWLLN observed lightning strokes in the region upstream of this portion315

of the line (Figure 5). Nonetheless, the convection in NUDGE is more consistent with the316

observations than in CNTRL, which is important since this convection develops into the317

derecho.318

In all simulated reflectivity fields, there is a notable lack of stratiform precipitation (e.g.,319

behind the squall lines in South Dakota and Iowa in NUDGE), which may be due to the320

microphysics scheme being two-moment in only ice and rain; microphysics sensitivity studies321

of mid-latitude squall lines suggest that full two-moment schemes are necessary to produce322

trailing stratiform precipitation (e.g., Morrison et al. 2009, Bryan and Morrison 2012, Baba323

and Takahashi 2014).324

By 1800 UTC 29 June 2012, 3 hours after the nudging has ended, no convection associ-325
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ated with the MCS has initiated in CNTRL, while earlier thunderstorms in NUDGE have326

propagated into east central Illinois, although displaced to the southwest of the observed327

line (Figure 6a,b,c). At 2100 UTC (Figure 6d,e,f), a MCS has formed across northern Illi-328

nois with additional scattered storms in Indiana and Ohio, far to the west of and oriented329

perpendicular to the observed MCS. At the same time, the MCS in NUDGE more closely330

resembles the observed MCS, exhibiting a similar orientation and slight westward displace-331

ment of the northern portion of the line of thunderstorms. By 0000 UTC (Figure 6g,h,i),332

the outflow associated with the storms in Indiana and Ohio in CNTRL has produced disor-333

ganized thunderstorms propagating in roughly the same direction as the observed MCS, due334

to large-scale west-northwesterly low-level winds and unstable environment. However, the335

thunderstorms are west of the observed MCS. In NUDGE, the MCS continues to propagate336

to the east-southeast, with even greater westward lag of its northern end.337

Between 0300 UTC and 0900 UTC 30 June 2012, the weakly organized line of storms338

in CNTRL, west of the observed MCS, propagates to the east-southeast, decaying as it339

moves over the Appalachian mountains. At 0300 UTC in NUDGE, the northern end of the340

MCS has failed to maintain an organized structure, with the remainder of the line roughly341

matching the location of the observed convection. By 0600 UTC, the MCS in NUDGE has342

moved out of the domain, much like the observed MCS.343

c. Ensemble Experiment344

The EnKF assimilation procedure is performed nine times (every 3 hours) between 1500345

UTC 28 June 2012 and 1500 UTC 29 June 2012. At all times, less than 1.5% of the total346

observations are rejected, indicating that the ensembles did not suffer from filter divergence.347

The impact of the nudging on the ensemble forecast is evident in the ensemble-mean348

composite reflectivity fields (Figures 8-10). While these mean fields cannot provide the de-349

tail of any single member or a deterministic simulation, they indicate the degree of consensus350

among ensemble members regarding the presence of deep convection. Unlike the determin-351
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istic simulations, which are initialized with no water condensate, ensemble members have352

developed thunderstorms during the 24-hour spin-up period prior to 1200 UTC 29 June 2012.353

At 1200 UTC 29 June 2012, before any lightning assimilation has occurred, ENS-CNTRL354

and ENS-NUDGE are identical. Unlike the deterministic simulations, thunderstorms over355

Iowa are evident at the end of the ensemble spin-up period. Although there is agreement356

among ensemble members of a line of thunderstorms oriented in the east-west direction, the357

line is displaced north of the observed (Figure 8a,b,c). At 1500 UTC 29 June 2012, prior to358

the EnKF assimilation, the line of thunderstorms in ENS-CNTRL remains stationary and359

closely matches the observed line of thunderstorms. ENS-CNTRL fails to capture the storms360

in Nebraska and western Iowa as well as the northern extent of the line of storms in cen-361

tral South Dakota (Figure 8d,f). At the same time in ENS-NUDGE, the moisture nudging362

has forced the same thunderstorms to develop and evolve as in the deterministic NUDGE363

simulation (Figure 8e,f; Figure 4h). The line of thunderstorms across Iowa and Illinois364

exhibits southwesterly motion between 1200 UTC and 1500 UTC 29 June 2012 matching365

observations and coinciding with the collapse of the line of thunderstorms farther to the366

north in ENS-NUDGE at 1200 UTC 29 June 2012 (Figure 8b). The line of thunderstorms367

in ENS-NUDGE exhibits the same gap in composite reflectivity as in NUDGE (c.f., Figure368

5). The high composite reflectivities in ENS-NUDGE at this time are consistent with the369

moisture nudging, which forces thunderstorms in the same locations for all members. The370

EnKF step at 1500 UTC 29 June 2012 increases the ensemble-mean composite reflectivities371

of ENS-CNTRL, but does not noticeably change the ensemble-mean composite reflectivities372

of ENS-NUDGE (Figure 8g,h).373

At 1800 UTC 29 June 2012, the ensemble-mean composite reflectivity field of ENS-374

CNTRL indicates member agreement regarding the thunderstorms located to the southwest375

of the observed line of thunderstorms in northwest Indiana (Figure 9a,c). At the same time,376

in ENS-NUDGE the ensemble-mean composite reflectivity field indicates general member377

agreement, with thunderstorms positioned closer to the observations than ENS-CNTRL378
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(Figure 9b,c). Although the ensemble-mean composite reflectivities in ENS-NUDGE at this379

time are weaker than at 1500 UTC 29 June 2012, there is much greater agreement among380

members regarding the location of the line of storms than in ENS-CNTRL. At 2100 UTC381

29 June 2012, ENS-CNTRL indicates thunderstorms in western Ohio. While the southern382

end of the storms appears to match the linear shape and location of the observed MCS, the383

northern end is much more diffuse, reflecting the large variability in the location and structure384

of convection. At the same time, ENS-NUDGE indicates greater member agreement in the385

same location as the observed storms (Figure 9d,e,f). At 0000 UTC 30 June 2012, the386

ensemble-mean composite reflectivity of ENS-CNTRL indicates large member agreement387

in the westward lag of the northern extent of the MCS, while ENS-NUDGE appears to388

place the northern end of the MCS in roughly the same location as observed (Figure 9g,h,i).389

Between 2100 UTC 29 June 2012 and 0000 UTC 30 June 2012, the ensemble-mean composite390

reflectivity field of ENS-NUDGE indicates less westward lag of the northern portion of the391

MCS compared to the deterministic NUDGE simulation, as well as the onset of collapse of392

the southern end of the MCS as it moves over the Appalachian mountains (c.f. Figure 6e,h).393

At 0300 UTC 30 June 2012, the MCSs in both ENS-CNTRL and ENS-NUDGE have394

decayed significantly, perhaps due to interactions with the Appalachian mountains. There395

is much greater consensus regarding the location of the MCS among the members of ENS-396

NUDGE, which are also closer to the observed location of the MCS than indicated by ENS-397

CNTRL (Figure 10a,b,c). At 0600 UTC 30 June 2012, most of the convective portion of398

the observed MCS has moved outside of the domain. Since these simulations fail to produce399

stratiform precipitation, the higher reflectivity values over Delaware and off the coast of400

eastern Virginia in ENS-CNTRL compared to ENS-NUDGE indicate that more members of401

ENS-CNTRL have a westward lag in the northern extent of the MCS than ENS-NUDGE402

(Figure 10d,e,f). At 0900 UTC 30 June 2012, the MCS has moved outside of the domain in403

ENS-CNTRL, ENS-NUDGE, and the observations (Figure 10g,h,i).404

Time series of equitable threat scores (ETS) for the members of ENS-CNTRL, ENS-405
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NUDGE, the deterministic CNTRL, and NUDGE simulations are shown (Figure 11). The406

low ETS values are attributed to the conservative nature of the point-by-point comparison407

of this metric, as small precipitation location errors result in false alarms and misses. Be-408

tween 1200 UTC and 1500 UTC 20 June 2012, the moisture nudging forces thunderstorm409

development in all members of ENS-NUDGE, consistent with the location of observed thun-410

derstorms, resulting in ETS exceeding those of ENS-CNTRL. The sudden increase in the411

maximum ENS-CNTRL ETS values at 1500 UTC 29 June 2012 is due to the observed line412

of thunderstorms over the Illinois and Iowa border moving into the same location as the sta-413

tionary line of thunderstorms in ENS-CNTRL that persisted between 1200 UTC and 1500414

UTC 29 June 2012 (Figure 8a,d,g). At 1800 UTC 29 June 2012, both ensembles forecast415

precipitation too far southwest of the observed precipitation in northwest Indiana (Figure416

9a,b,c). The corresponding decrease in ETS values is less dramatic for ENS-NUDGE since417

the displacement error is less than in ENS-CNTRL. Between 2100 UTC 29 June 2012 and418

0000 UTC 30 June 2012, the ETS values for both ensembles increase, as the MCS in both419

falls within the large region of observed rainfall (Figure 9d-i). This may be an artifact of420

the failure of the simulations to produce trailing stratiform precipitation. If the trailing421

stratiform precipitation were present in the simulations, the ETS of ensemble members with422

westward lag would decrease at these forecast times if the trailing stratiform precipitation423

occurred outside outside of the region of observed rainfall. Between 0000 UTC and 0600424

UTC 30 June 2012, the ETS values for both ensembles steadily decrease due to decay of the425

simulated MCS as it crosses the Appalachian mountains (Figure 10a-f). Between 0600 UTC426

and 0900 UTC 30 June 2012, the decrease in ETS is due to the motion of the MCS out of427

the domain (Figure 10g,h,i). The increase in the upper end of the range of ETS values in428

ENS-CNTRL between 0900 UTC and 1200 UTC 30 June 2012 is due to some members of429

ENS-CNTRL accurately locating precipitation in eastern Iowa (not shown).430
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4. Results: 17 November 2013431

On 17 November 2013, a deepening surface cyclone and associated cold front moved432

across the Midwest producing numerous supercells and squall lines across Illinois, Missouri,433

Iowa, and Wisconsin. Eventually, a coherent line of convection formed along the cold front,434

extending from the Great Lakes into the northern portions Alabama and Mississippi. The435

event was accompanied by numerous reports of tornadoes and straight-line wind damage436

across the Midwest. Unlike the 29 June 2012 event, this convective activity was forced by437

obvious synoptic scale features, with convection initiated near a cold front associated with438

a deepening surface cyclone. The event provides the opportunity to examine how lightning439

data assimilation can impact the analysis and forecast of a synoptically well-resolved event.440

a. Lightning441

Between 1500 UTC and 1800 UTC 17 November 2013, 6075 lightning strokes were ob-442

served by WWLLN within the WRF domain described in Section 2c. Location data from443

6071 lightning strokes are used with the assimilation technique described in Section 2 (4444

lightning strokes were filtered out, Figure 12). These lightning strokes are associated with445

the earliest storms of the event.446

b. Deterministic Experiment447

The average change in integrated water vapor (IWV) at grid points where nudging is448

performed is compared for each 5-minute bin within the first 3 hours of the CNTRL and449

NUDGE simulations (Figure 13a). In CNTRL, no nudging is performed and average changes450

in IWV are minimal through the first 3 hours of the simulation. In NUDGE, noticeable451

increases in IWV occur during that period. The average change in maximum convective452

available potential energy (CAPE) at grid points where nudging is performed is found in453

Figure 13b. In CNTRL, average changes in CAPE over each 5-minute lightning assimilation454
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interval are nearly zero through the 3-hour period. In NUDGE, increases in CAPE occur455

at nudged locations through the first 3 hours. Note that the average increases in IWV and456

CAPE at nudged points is much smaller here than for the 29 June 2012 event, likely due457

to colder atmospheric temperatures. For NUDGE, the average water condensate at nudged458

locations increases more gradually than in the 29 June 2012 case (Figure 13c).459

The impact of the nudging is apparent in the simulated composite reflectivity fields.460

Between 1500 UTC and 1800 UTC 17 November 2013 (the first 3 hours of the simulations),461

the CNTRL simulation develops scattered thunderstorms across Illinois and Michigan as well462

as larger, discrete cellular thunderstorms in Missouri and southern Illinois (Figure 14a,d,g).463

Although the larger cellular storms in Missouri and southern Illinois match the observations,464

CNTRL fails to capture the formation of observed lines of convection over northern Illinois465

(Figure 14c,f,i). During the same period, NUDGE develops lines of thunderstorms across466

northern Illinois and southern Wisconsin, as well as an isolated thunderstorm in Indiana467

that closely match the observed thunderstorms (Figure 14b,e,h).468

At 2100 UTC 17 November 2013, 3 hours after the nudging has ended, the observed469

showers and thunderstorms extending meridionally across Michigan were absent in CNTRL,470

but appear in NUDGE due to the northeastward propagation of the line of storms in Illinois471

at the end of the assimilation period (Figure 15a,b,c). At 0000 UTC 18 November 2013,472

CNTRL forms a line of showers in northern Michigan, west of the line of showers evident473

in NUDGE and the observations (Figure 15d,e,f). At 0300 UTC 18 November there is a474

westward lag in the northern extent of the line of showers in CNTRL compared to NUDGE,475

but there are no radar or precipitation observations in southern Canada for verification476

(Figure 15g,h,i). The westward lag of the northern end of the line of showers in CNTRL477

relative to both NUDGE and the observations is maintained until the front moves out of the478

domain at approximately 1200 UTC 18 November 2013 (not displayed).479

The time series of hourly ETS scores for this event show more subtle differences between480

CNTRL and NUDGE compared to the 29 June 2012 event (Figure 16), since the moisture481
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nudging only affects a portion of the simulated precipitation. Consistent with the more482

gradual development of storms, the ETS scores of CNTRL and NUDGE diverge more slowly483

than for the 29 June 2012 event over the first 3 hours of the simulation. After that time,484

the difference in ETS scores is nearly constant until the frontal precipitation moves out of485

the domain (forecast hour 20; 1100 UTC 18 November 2013), except between forecast hours486

11 and 15 (0200 UTC and 0600 UTC 18 November 2013). During that time, the region487

of precipitation affected by the moisture nudging moves across the regions of Ontario and488

Quebec where Stage IV data is unavailable.489

5. Conclusions490

In this work, a simple moisture nudging technique for assimilating lightning observations491

from WWLLN in a convection-allowing model was developed. The technique was tested492

for deterministic short-term numerical forecasts of the 29 June 2012 and 17 November 2013493

convective events in the eastern United States as well as an ensemble forecast of the 29 June494

2012 event.495

Results from the deterministic simulations indicate that the lightning nudging technique496

increases the IWV and CAPE at locations where nudging is performed. For the 29 June497

2012 event, this technique triggered convection in the 3-hour assimilation period, leading to a498

successful forecast of the MCS. The control simulation failed to produce this early convection499

and subsequently did not correctly forecast the organization, timing, and location of the500

observed MCS. Despite the use of lightning location observations from a network with lower501

detection efficiency and ending the assimilation of lightning observations one hour earlier,502

the improved forecast of the MCS is qualitatively similar to that realized by Fierro et al.503

(2014). For the 17 November 2013 event, lightning assimilation triggered thunderstorms504

ahead of a cold front that were not produced in the control simulation. This resulted in an505

improvement in the forecast of convection along that portion of the cold front at later times.506
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In neither case did the nudging negatively affect the forecast of the event.507

The application of the technique to an ensemble forecast of the 29 June 2012 event im-508

proved the evolution of the convection during the lightning assimilation period, although the509

impact on the subsequent forecast was less dramatic than in the deterministic simulations.510

The application of the nudging to all ensemble members reduced the spread of the predicted511

MCS location. Future study could consider methods to perturbing the lightning data or the512

assimilation technique to maintain diversity among ensemble members.513

The improvement in the forecasts between the deterministic and ensemble control simula-514

tions highlights the potential value of an high-resolution ensemble data assimilation forecast515

system. The less dramatic differences when applying the lightning assimilation technique to516

the ensemble forecasts suggest that, where available, the data assimilated into the EnKF in517

this study may suffice to produce an accurate forecast of convective events (aircraft, surface,518

maritime, radiosonde, and satellite-observed winds). Since the eastern United States is heav-519

ily observed by those data sources, future work could repeat this experiment for events in520

locations where less data is available (e.g., over oceans, mountainous terrain, less populated521

regions). Future ensemble work could repeat the ensemble experiments for the 29 June 2012522

event and remove some of the sources of observations, or artificially decrease the density of523

those observations.524

This study used events in the eastern United States, where radar reflectivity and precip-525

itation observations are available for verification. Additional work could test the lightning526

data assimilation technique in other regions of the world and their associated convective527

events using WWLLN. Radar reflectivity and precipitation observations from field campaigns528

and satellites such as the Tropical Rainfall Measuring Mission (TRMM) or the Global Pre-529

cipitation Measurement (GPM) satellites could also be used for verification. Further study530

could also apply the lightning data assimilation technique to a season or year of forecasts to531

determine situations in which the lightning data assimilation is most or least effective.532
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List of Figures634

1 A visualization of the lightning nudging process. Top: A timeline during a635

portion of the simulation, divided into 5-minute bins. The green highlighting636

indicates the temporal bin containing the current time step, with blue lines637

representing observed lightning strokes. Bottom: An example of how the638

lightning stroke locations (blue dots) are used to determine which grid points639

are nudged (points within light blue circles) on the model domain when the640

current simulation time step is within the green-highlighted bin. 31641

2 Lightning strokes observed by WWLLN between 1200 UTC and 1500 UTC 29642

June 2012 on the WRF domain described in Section 2c. Location data from643

4315 lightning strokes were assimilated in the NUDGE and ENS-NUDGE644

experiments (blue dots). Two lightning strokes were removed from by the645

filtering technique described in Section 2a (red dots). 32646

3 Average changes in (a) IWV and (b) CAPE at grid points where nudging647

is performed in NUDGE for the 29 June 2012 event. (c) Average column648

condensate (liquid and solid water path) at nudged locations prior to the649

onset of nudging. Red bars and lines represent results from CNTRL, while650

blue bars and lines represent results from NUDGE. 33651

4 Simulated and observed composite reflectivity for the first three hours of the652

deterministic simulations of the 29 June 2012 event (1300-1500 UTC 29 June653

2012). The columns of panels correspond to CNTRL, NUDGE, and the ob-654

servations, respectively. The northwest portion of the domain is displayed. 34655

5 (a) Lightning strokes observed by WWLLN between 1200 UTC and 1500 UTC656

over eastern Iowa and western Illinois. (b) Simulated composite reflectivity in657

NUDGE over the same region at 1500 UTC (at the end of the 3-hour nudging658

period). The red arrow indicates an area location with a lack of WWLLN659

observed lightning strokes. 35660
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6 Same as in Figure 4, except results are displayed at 3-hour intervals between661

1800 UTC 29 June 2012 and 0000 UTC 30 June 2012. The central portion of662

the domain is displayed. 36663

7 Same as in Figure 4, except results are displayed at 3-hour intervals between664

0300 UTC and 0900 UTC 30 June 2012. The east central portion of the665

domain is displayed. 37666

8 Ensemble-mean and observed composite reflectivity after the 1200 UTC 29667

June 2012 EnKF assimilation step (top row), before the 1500 UTC 29 June668

2012 EnKF assimilation step (middle row), and after the 1500 UTC 29 June669

2012 EnKF assimilation step. The columns of panels correspond to ENS-670

CNTRL, ENS-NUDGE, and the observations, respectively. The northwest671

portion of the domain is displayed. 38672

9 Same as in Figure 8, except results are displayed at 3-hour intervals between673

1800 UTC 29 June 2012 and 0000 UTC 30 June 2012. The central portion of674

the domain is displayed. 39675

10 Same as in Figure 8, except results are displayed at 3-hour intervals between676

0300 UTC 30 June 2012 and 0900 UTC 30 June 2012. The central portion of677

the domain is displayed. 40678

11 Time series of equitable threat scores (ETS) for CNTRL (thick red line),679

NUDGE (thick blue line), ENS-CNTRL (light red shaded region), and ENS-680

NUDGE (light blue shaded region) for the 29 June 2012 event. The gray681

shaded area indicates times of moisture nudging in the NUDGE and ENS-682

NUDGE simulations. 41683
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12 Lightning strokes observed by WWLLN between 1500 UTC and 1800 UTC 17684

November 2012 on the WRF domain described in Section 2c. Location data685

from 6071 lightning strokes were assimilated in the NUDGE simulation (blue686

dots). Two lightning strokes were removed from by the filtering technique687

described in Section 2a (red dots). 42688

13 Average changes in (a) IWV and (b) CAPE at grid points where nudging is689

performed in NUDGE for the 17 November 2013 event. (c) Average column690

condensate (liquid and solid water path) at nudged locations prior to the onset691

of nudging. Red bars and lines represent results from CNTRL, while blue bars692

and lines represent results from NUDGE. 43693

14 Simulated and observed composite reflectivity for the first three hours of the694

deterministic simulations of the 17 November 2013 event (1600-1800 UTC 17695

November 2013). The columns of panels correspond to CNTRL, NUDGE,696

and the observations, respectively. The north central portion of the domain697

is displayed. 44698

15 Same as in Figure 14, except results are displayed at 3-hour intervals between699

2100 UTC 17 November 2013 and 0300 UTC 18 November 2013. The north700

central portion of the domain is displayed. 45701

16 Time series of ETS for CNTRL (thick red line) and NUDGE (thick blue line)702

for the 17 November 2013 event. The gray shaded area indicates times during703

which moisture nudging occurred in the NUDGE simulations. 46704
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0 min 5 min 10 min 15 min 20 min 25 min 30 min

2 Lightning Strokes

Fig. 1. A visualization of the lightning nudging process. Top: A timeline during a portion
of the simulation, divided into 5-minute bins. The green highlighting indicates the temporal
bin containing the current time step, with blue lines representing observed lightning strokes.
Bottom: An example of how the lightning stroke locations (blue dots) are used to determine
which grid points are nudged (points within light blue circles) on the model domain when
the current simulation time step is within the green-highlighted bin.
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Fig. 2. Lightning strokes observed by WWLLN between 1200 UTC and 1500 UTC 29 June
2012 on the WRF domain described in Section 2c. Location data from 4315 lightning strokes
were assimilated in the NUDGE and ENS-NUDGE experiments (blue dots). Two lightning
strokes were removed from by the filtering technique described in Section 2a (red dots).
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Fig. 3. Average changes in (a) IWV and (b) CAPE at grid points where nudging is performed
in NUDGE for the 29 June 2012 event. (c) Average column condensate (liquid and solid
water path) at nudged locations prior to the onset of nudging. Red bars and lines represent
results from CNTRL, while blue bars and lines represent results from NUDGE.
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Fig. 4. Simulated and observed composite reflectivity for the first three hours of the deter-
ministic simulations of the 29 June 2012 event (1300-1500 UTC 29 June 2012). The columns
of panels correspond to CNTRL, NUDGE, and the observations, respectively. The northwest
portion of the domain is displayed.
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1200 UTC - 1500 UTC

WWLLN Observed Lightning
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Fig. 5. (a) Lightning strokes observed by WWLLN between 1200 UTC and 1500 UTC over
eastern Iowa and western Illinois. (b) Simulated composite reflectivity in NUDGE over the
same region at 1500 UTC (at the end of the 3-hour nudging period). The red arrow indicates
an area location with a lack of WWLLN observed lightning strokes.
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Fig. 6. Same as in Figure 4, except results are displayed at 3-hour intervals between 1800
UTC 29 June 2012 and 0000 UTC 30 June 2012. The central portion of the domain is
displayed.
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Fig. 7. Same as in Figure 4, except results are displayed at 3-hour intervals between 0300
UTC and 0900 UTC 30 June 2012. The east central portion of the domain is displayed.
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Fig. 8. Ensemble-mean and observed composite reflectivity after the 1200 UTC 29 June 2012
EnKF assimilation step (top row), before the 1500 UTC 29 June 2012 EnKF assimilation step
(middle row), and after the 1500 UTC 29 June 2012 EnKF assimilation step. The columns of
panels correspond to ENS-CNTRL, ENS-NUDGE, and the observations, respectively. The
northwest portion of the domain is displayed.
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Fig. 9. Same as in Figure 8, except results are displayed at 3-hour intervals between 1800
UTC 29 June 2012 and 0000 UTC 30 June 2012. The central portion of the domain is
displayed.
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Fig. 10. Same as in Figure 8, except results are displayed at 3-hour intervals between 0300
UTC 30 June 2012 and 0900 UTC 30 June 2012. The central portion of the domain is
displayed.
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Fig. 11. Time series of equitable threat scores (ETS) for CNTRL (thick red line), NUDGE
(thick blue line), ENS-CNTRL (light red shaded region), and ENS-NUDGE (light blue
shaded region) for the 29 June 2012 event. The gray shaded area indicates times of moisture
nudging in the NUDGE and ENS-NUDGE simulations.
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Fig. 12. Lightning strokes observed by WWLLN between 1500 UTC and 1800 UTC 17
November 2012 on the WRF domain described in Section 2c. Location data from 6071
lightning strokes were assimilated in the NUDGE simulation (blue dots). Two lightning
strokes were removed from by the filtering technique described in Section 2a (red dots).
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Fig. 13. Average changes in (a) IWV and (b) CAPE at grid points where nudging is
performed in NUDGE for the 17 November 2013 event. (c) Average column condensate
(liquid and solid water path) at nudged locations prior to the onset of nudging. Red bars
and lines represent results from CNTRL, while blue bars and lines represent results from
NUDGE.
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Fig. 14. Simulated and observed composite reflectivity for the first three hours of the de-
terministic simulations of the 17 November 2013 event (1600-1800 UTC 17 November 2013).
The columns of panels correspond to CNTRL, NUDGE, and the observations, respectively.
The north central portion of the domain is displayed.
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Fig. 15. Same as in Figure 14, except results are displayed at 3-hour intervals between 2100
UTC 17 November 2013 and 0300 UTC 18 November 2013. The north central portion of
the domain is displayed.
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Fig. 16. Time series of ETS for CNTRL (thick red line) and NUDGE (thick blue line) for
the 17 November 2013 event. The gray shaded area indicates times during which moisture
nudging occurred in the NUDGE simulations.
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