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ABSTRACT

A general lightning data assimilation technique is developed and tested with observations from the World
Wide Lightning Location Network (WWLLN). The technique nudges the water vapor mixing ratio toward
saturation within 10 km of a lightning observation and is more general than other approaches that require
speciÞc model microphysics or ßash rates. This approach is applied to both deterministic and ensemble
forecasts of the 29 June 2012 derecho event over the eastern United States and a deterministic forecast of the
17 November 2013 convective event over the Midwest using the Weather Research and Forecasting (WRF)
Model run at a convection-permitting resolution. Lightning data are assimilated over the Þrst three hours of
the forecasts, and the subsequent impact on forecast quality is evaluated. For both events, the deterministic
simulations with lightning-based nudging produce more realistic predicted composite reßectivity Þelds. For
the forecasts of the 29 June 2012 event using ensemble data assimilation, forecast improvements from
lightning assimilation were more modest than for the deterministic forecasts, suggesting that lightning
assimilation may produce greater improvements in convective forecasts where conventional observations
(e.g., aircraft, surface, radiosonde, satellite) are less dense or unavailable.

1. Introduction

Advances in computing power have made it possible for
operational regional forecast systems to reach convection-
permitting horizontal grid spacing (Dx # 4 km), alleviating
the need for a cumulus parameterization scheme (CPS)
and creating the opportunity to assimilate convective-scale
observations to improve forecasts (Weisman et al. 1997;
Kain et al. 2008). Today, radar reßectivity and lightning-
ßash-rate observations are assimilated through latent
heating into the operational Rapid Refresh (RAP) and
High-Resolution Rapid Refresh (HRRR) forecast sys-
tems (Weygandt et al. 2008). As advances in computing
power continue, operational global forecast systems
are expected to reach convection-permitting horizontal
resolutions in the near future, creating a demand for
convective-scale observations, particularly over data-
sparse regions such as the open ocean.

In recent years, long-range, land-based detection
networks, such as the World Wide Lightning Location

Network (WWLLN) operated by the University
of Washington and the Global Lightning Dataset
(GLD360) operated by Vaisala, have made global
lightning detection possible. Furthermore, continuous
coverage of lightning activity over much of the Western
Hemisphere will soon be available from the Geosta-
tionary Lightning Mapper (GLM) aboard the R-Series
Geostationary Operational Environmental Satel-
lite (GOES-R), which is expected to launch in 2016
(Goodman et al. 2013). Given the difÞculty of acquiring
continuous mesoscale observations (e.g., radar or sur-
face) with global coverage and the lack of GOES-R
GLM coverage in the Eastern Hemisphere, lightning
location information from long-range, land-based
lightning networks such as WWLLN could help Þll the
gap in convective-scale observations available for as-
similation on a global scale. Thus, a goal of this re-
search is to evaluate a generally applicable lightning
assimilation approach using WWLLN, verifying our
results in a region with dense observational assets (the
eastern United States).

There have been several attempts to assimilate light-
ning data into numerical weather prediction systems. A
central task of these efforts is to establish a relationship
between lightning activity and resolved atmospheric
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variables. Some assimilation experiments have derived
regional relationships between ßash rate and rainfall
rate, and then scaled the vertical latent heating proÞle
based on the inferred rainfall rates (Alexander et al.
1999; Chang et al. 2001; Pessi and Businger 2009). Pessi
and Businger (2009), using a long-range lightning de-
tection network, found that forecasts of large-scale Þelds
such as sea level pressure were improved by assimilating
lightning; however, the low horizontal resolution of the
models employed (Dx $ 27 km) prevented explicit res-
olution of convection. It is also unclear how relation-
ships between ßash rate and rainfall rate, which are
known to vary spatially (Petersen and Rutledge 1998),
can be applied on a global scale.

A second group of studies assimilated lightning into
higher-resolution, but not convection-permitting, re-
gional models (Dx 5 10 km). In Papadopoulos et al.
(2005), model humidity proÞles were nudged toward
humidity proÞles derived from observed soundings
when lightning occurred. Although the technique pro-
duced improved convective precipitation forecasts dur-
ing the assimilation period and the subsequent 12-h
forecasts, it made use of regionally and seasonally spe-
ciÞc moisture proÞles, making it difÞcult to apply glob-
ally. Mansell et al. (2007) forced lifting to the level of
free convection when lightning was observed and added
moisture to lifted parcels to satisfy minimum cloud
depth and peak updraft criteria; their approach resulted
in improved cold pool representation and subsequent
convective initiation. Although these studies improved
convective forecasts by assimilating lightning, they re-
lied on CPSs to produce convection and they may not be
relevant to simulations at convection-permitting hori-
zontal resolutions.

The Þrst attempt to assimilate lightning using a
convection-permitting horizontal grid spacing, by
Fierro et al. (2012, 2014; Dx 5 1 km), modiÞed the
water vapor mixing ratio in the mixed-phase region
(2 208# T 8C # 08C), where charge separation is most
signiÞcant according to noninductive charging theory
(Saunders 2008, and references therein). This assimila-
tion technique was motivated by the successful initiali-
zation of a high-resolution simulation of Hurricane Rita
by saturating vertical levels between 3 and 11 km above
the surface in a region where lightning was observed
(Fierro and Reisner, 2011). The water vapor mixing
ratio was nudged based on observed gridded ßash rates
of total lightning, with the amount of nudging inversely
proportional to the amount of graupel present in a
model grid cell. This technique improved the simulation
of a line of thunderstorms in Oklahoma, and the 0Ð6-h
forecast of a destructive derecho in the upper Midwest
and mid-Atlantic United States on 29 June 2012.

In addition to decreases in horizontal grid spacing,
advances in computing power have facilitated high-
resolution ensemble forecasting and associated data
assimilation techniques, such as the ensemble Kalman
Þlter (EnKF; Evensen 1994) approach, which uses error
covariance statistics derived from ensemble members to
update model state variables away from the observation
location. Assimilating lightning using an EnKF is prob-
lematic because it is difÞcult to specify a forward model;
furthermore, the discontinuous nature of convection can
result in the rejection of a lightning observation when no
ensemble members are producing convection in that lo-
cation. Thus, an approach is needed to assimilate lightning
that is compatible with the assimilation of observations by
an EnKF system. An attempt at such a hybrid approach
was made byBallabrera-Poy et al. (2009), which reduced
analysis error in the Lorenz and Emanuel (1998) model
when including large-scale, slowly evolving observations
in EnKF updates and assimilating small-scale observa-
tions using nudging.

Given the ease of implementation of observation
nudging, as well as the success of moisture nudging in a
range of previous high-resolution studies, a lightning
data assimilation technique based on moisture nudging
is described in this work, using global lightning location
data available from WWLLN. For the Þrst time, this
technique is tested for both high-resolution de-
terministic and ensemble forecasts, considering the June
2012 derecho and the 17 November 2013 convective
event. The performance of the lightning assimilation
technique is assessed based on its impact on a short-term
forecast (# 24 h) of convective features.

2. Data and methods

a. Lightning data

For this study, lightning location data from WWLLN
is employed. WWLLN is a network of approximately
70 sensors that detect sferics; very low-frequency
(3Ð30 kHz) radiation packets produced by lightning
strikes. The propagation of sferics within the EarthÐ
ionosphere waveguide allows for the detection of
lightning at distances of thousands of kilometers,
enabling WWLLN to provide global lightning de-
tection coverage (Dowden et al. 2002).

WWLLN is able to detect both intracloud (IC) and
cloud-to-ground (CG) lightning strikes. Since de-
tection efÞciency increases with the peak current of
lightning strikes, WWLLN is more efÞcient at detect-
ing CG lightning due to the associated higher peak
currents (Jacobson et al. 2006). The detection efÞ-
ciency of WWLLN is approximately 10%Ð11%, with
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location errors less than 10km based on comparisons with
observations from the short-range lightning observation
networks in North America, which have detection efÞ-
ciencies exceeding 90% and location accuracies within

1 km (Abarca et al. 2010; Abreu et al. 2010). Despite its
modest detection efÞciency, WWLLN is highly efÞcient
at detecting lightning-producing storms during 3-h pe-
riods (Jacobson et al. 2006).

FIG . 1. A schematic of the lightning nudging process. (top) A timeline during a portion of the
simulation, divided into 5-min bins. The green highlighting indicates the temporal bin con-
taining the current time step, with blue lines representing observed lightning strikes. (bottom)
An example of how the lightning strike locations (blue dots) are used to determine which grid
points are nudged on the model domain (points within light blue circles) when the current
simulation time step is within the green-highlighted bin.

FIG . 2. Lightning strikes observed by WWLLN between 1200 and 1500 UTC 29 Jun 2012 over
the WRF domain described in section 2c. Location data from 4315 lightning strikes were as-
similated in the NUDGE and ENS-NUDGE experiments (blue dots). Two lightning strikes
were removed by the Þltering technique described insection 2a(red dots).
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Although the time of gro up arrival technique
employed by WWLLN requires four sensors to locate a
lightning strike ( Dowden et al. 2002), only strikes de-
tected by Þve or more lightning sensors are retained
by WWLLN. To reduce the potential for poorly located
lightning strikes, observed lightning events are placed
into 0.58 3 0.5 8bins and strikes are removed when no
other lightning strike is observed in the same bin, or any
adjacent bin, within the previous 60 min. Strikes ob-
served by six or more sensors are exempt from the Þl-
tering procedure (R. Holzworth and J. Brundell 2013,
personal communication).

b. Assimilation technique

Since the Weather Research and Forecasting
(WRF) Model does not explicitly forecast lightning,
it is necessary to design a way to adjust the simulated
atmospheric state toward conditions that are rep-
resentative of the lightning observed by WWLLN.
In this study, a four-dimensional data assimilation
technique known as Newtonian relaxation or nudg-
ing is applied to lightning data. SpeciÞcally, we use
the approach of Stauffer and Seaman (1994), which
was designed for the assimilation of surface and
upper-air measurements of prognostic variables

such as temperature, wind, and water vapor mixing
ratio.

As noted above, WWLLN is more efÞcient at detecting
CG lightning than IC lightning, with CG lightning gen-
erally occurring after the cloud top has reached its max-
imum height (Williams et al. 1989; Solomon and Baker
1998). Thus, in this study the water vapor mixing ratio is
nudged toward the saturation water vapor mixing ratio
(100% relative humidity) at all vertical levels in the
troposphere (levels where atmospheric pressure exceeds
200 hPa) within 10 km of any observed lightning strike.
Smaller radii and varying nudging tops (50, 500 hPa)
were tested, but they did not produce superior perfor-
mance (more details in section 3b). The addition of
moisture decreases the lifting condensation level (LCL)
and increases the convective available potential energy
(CAPE), encouraging the production of a deep cloud
where lightning strikes are observed.

Although some previous studies have used nudging as
part of their lightning data assimilation approach
(Papadopoulos et al. 2005; Fierro et al. 2012, 2014), the
water vapor nudging approach used in this study is
substantially different and addresses several limitations
of those techniques. First, this approach is independent
of parameterized microphysical quantities, unlike the

FIG . 3. Average temporal changes in (a) IWV and (b) CAPE at grid points where nudging is
performed in NUDGE for the deterministic simulation of the 29 Jun 2012 event. (c) Average
column condensate (liquid and solid water path) at nudged locations. Red bars (barely visible)
and lines represent results from CNTRL, while blue bars and lines represent results from
NUDGE.
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