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Abstract. Lightning measurements from the Geostationary1 Introduction

Lightning Mapper (GLM) that will be aboard the Geostation-

ary Operational Environmental Satellite — R Series will bring

new information that can have the potential for improving the

initialization of numerical weather prediction models by as- Thunderstorms are an important component of the climate
sisting in the detection of clouds and convection through datz8ystem as they can impact the atmospheric environment
assimilation. In this study we focus on investigating the util- around them; they are capable of redistributing moisture,
ity of lightning observations in mesoscale and regional ap-h€at, and wind patterns (Price, 2013). The assimilation of
plications suitable for current operational environments, inlighting observations is a relatively new field. Several efforts
which convection cannot be explicitly resolved. Therefore, 0 incorporate lightning data into Numerical Weather Predic-
we examine the impact of lightning observations on stormtion (NWP) models have been made recently (Alexander et
environment. Preliminary steps in developing a lightning @l 1999; Papadopoulos et al., 2005; Mansell et al., 2007;
data assimilation capability suitable for mesoscale modeling®essi and Bussinger, 2009; Fierro et al., 2012). In the vast
are presented in this paper. World Wide Lightning Location majority of these studies, dynamical relaxation, or nudging
Network (WWLLN) data was utilized as a proxy for GLM techniques were applied. Even though these studies high-
measurements and was assimilated with the Maximum Likelighted the importance of utilizing lightning observations to
lihood Ensemble Filter, interfaced with the Nonhydrostatic improve the representation of convection in models, they had
Mesoscale Model core of the Weather Research and Ford€SS emphasis on improving environmental conditions.
casting system (WRF-NMM). In order to test this methodol- Motivated by the initial success of nudging techniques
ogy, regional data assimilation experiments were conductedn cloud-resolving model applications, the objective of this
Results indicate that lightning data assimilation had a posi-Study is to investigate if lightning observations can be useful
tive impact on the following: information content, influenc- iN Mesoscale, regional, and global applications at a coarse
ing several dynamical variables in the model (e.g., mois-fesolution, in which convection cannot be resolved explic-
ture, temperature, and winds), and improving initial condi- itly. Therefore, we would like to evaluate the impact of light-
tions during several data assimilation cycles. However, theing observations on the environment around storms, with
6 h forecast after the assimilation did not show a clear im-Potential implications for data assimilation, reanalysis, and

provement in terms of root mean square (RMS) errors. climate studies. As for any other observation, the informa-
tion from lightning observations can have impacts at several

spatiotemporal scales. In the case of lightning, one can as-
sume that most of the information relates to cloud-resolving

processes. However, there should also be a fraction of light-
ning information that can spread into larger scales (e.g., the
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storm environment). In this study we will evaluate the large- previous lightning mapping instruments is that it will be able
scale component of information from lightning observations.to monitor weather affecting the adjacent ocean regions of
We anticipate that a myriad of applications can stemthe continental United States, and not just the tropics. Some
from monitoring lightning activity. For instance, the lack of of the mission objectives for the GLM instrument include im-
ground-based observations (e.g., radiosondes, radars, et@jovement in severe thunderstorm lead times and false alarm
over the open oceans can result in deficient initialization ofreduction, advancements in the initialization of NWP mod-
numerical weather and climate prediction models, especiallyels through better identification of deep convection, and the
if weather systems that develop in these regions subsequentlyreation of lightning climatologies to track decadal changes
travel to continental landmasses. Satellite radiances are aim lightning activity, among others (Adamo et al., 2009).
important source of observations over the oceans. However, In this paper, the possibility of assimilating lightning ob-
processing satellite observations requires considerably morservations within a hybrid variational-ensemble system in a
computational time due to the use of radiative transfer mod-mesoscale numerical weather prediction model is explored,
els, rather than just processing lightning observations, whicfocusing on the typical resolution of operational weather
is computationally less intensive. Therefore, the incorpora-forecasting and climate models. The methodologies pre-
tion of this new type of data can provide useful information sented herein represent an initial stage towards develop-

for model initialization. ing a comprehensive, multivariate, multi-scale, multi-sensor
In addition, lightning may have a significant impact on data assimilation system that prepares for the assimilation of
the Earth’s climate by producing nitrogen oxides (N@n lightning data along with other types of observations.

the upper troposphere. NGs a precursor of ozone, a ma-  Eventually, this data assimilation technique will be tested
jor green house gas and pollutant (Price, 2013; Barthe et alin different applications at various timescales and length
2010). The predicted concentrations of lightning ,Nf@bom scales. In the mean time, we intend to investigate if the as-
NWP models coupled with chemistry still contain large un- similation of lightning data canlj add information content
certainties. Incorporating geo-located lightning data may asto a mesoscale modeling system that can resolve a convective
sist these models in the simulation of convection, and conseenvironment, rather than explicit convectio®) positively
quently NG, production. impact the dynamical variables of the model, ag)l im-
Lightning might be useful in future climate change mon- prove analysis and prediction. Note that a coarse resolution is
itoring studies due to the interplay between lightning andalso typical of climate models, and thus assessing the utility
atmospheric parameters, such as temperature, upper tropof lightning observations in data assimilation at these scales
spheric water vapor, and cloud cover (Price, 2013). Sincecan be relevant for climate studies as well. To our knowledge,
lightning can be monitored easily through surface networkslightning data have not been used in operational weather pre-
and satellite platforms, it can be a useful tool for tracking diction, in climate monitoring studies, or in reanalysis. By
changes of important climate parameters in the future (Priceassimilating lightning data in a coarse resolution model, we
2009). are taking the first steps toward extending their use to weather
Satellite instruments have been launched in the past witland climate applications.
the objective of studying storm dynamics, cloud character- As a proof of concept case, we chose the mesoscale con-
istics, annual and inter-annual variability of thunderstorms,vective system that spawned numerous tornadoes over the
etc. (Adamo et al., 2009). In 1997, the Lightning Imag- southeastern United States on 27-28 April 2011. Light-
ing Sensor (LIS) was launched aboard the joint Nationalning data from the World Wide Lightning Location Network
Aeronautics and Space Administration (NASA) and Japan(WWLLN, http://webflash.ess.washington.g¢das used as
Aerospace Exploration Agency (JAXA) Tropical Rainfall a proxy to test the potential impact of the assimilation of
Measuring Mission (TRMM). This instrument can detect lightning flash rates measured by the GLM. This data net-
lightning activity continuously at a horizontal resolution of work has global coverage, including ocean regions. For
4km over the tropicshttp://trmm.gsfc.nasa.gov/overview__ North America, this lightning detection network better ap-
dir/lis.html). proximates the coverage of the upcoming GLM instrument
In the near future, mapping of lightning from geosta- compared to some surface networks that primarily cover the
tionary orbit at cloud-scale resolution will be possible, continental United States.
thus complementing established surface detection networks The data assimilation (DA) system used in this study
(Adamo et al., 2009; Finke, 2009). The launch of the Geo-was the Maximum Likelihood Ensemble Filter (MLEF —
stationary Lightning Mapper (GLM) instrument that will Zupanski, 2005; Zupanski et al., 2008), which was interfaced
be aboard the next generation of the National Oceanic andvith the non-hydrostatic core of the Weather and Research
Atmospheric Administration (NOAA) geostationary satel- Forecasting (WRF-NMM — Jargiet al., 2010) system. The
lites (i.e., GOES-Rhttp://www.goes-r.gov/spacesegment/ simplified microphysics and low resolution of the model de-
glm.html) will allow continuous day and night monitoring of fined the spatiotemporal scales for data assimilation, as well
total lightning activity over the Americas and adjacent oceanas the options for the employed observation operator. In this
regions up to 52 degrees north. One of the advantages overase, a 6-hour data assimilation window was chose®h(
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from a central time), in which the lightning observations 2.2 Lightning flash rate observations
were averaged at a horizontal resolution of 10km closely

matching that of the innermost domain of WRF-NMM. Since the actual lightning measurements are lightning strikes,
This paper is organized in the following manner: the \ hije the lightning observation operator is commonly related
methodology for using lightning observations is described iny, jightning flash rates, it was necessary to transform light-
Sect. 2, details on the experimental design are provided ining strikes into flash rates. In doing so, a subset domain
Sect. 3, followed by results in Sect. 4, and finally a summarycqnaining all lightning strikes was defined and subsequently
and future work are presented in Sect. 5. partitioned into a rectangular horizontal grid (different from
the model grid), with a spacing of 0.1 degreesl km) in
order to be comparable with the horizontal grid spacing of
the smallest domain of our model configuration that will be
2.1 Data assimilation system discussed in Sect. 3.2. The choice of a regular grid that is
not identical to the model grid was arbitrary. In our case, it
WRF-NMM was interfaced with MLEF, a hybrid ensemble- was motivated by a desire to keep the observation informa-
variational data assimilation method developed at Coloraddion formally independent of the model, i.e., to not use any
State University. The solution of the analysis maximizesinformation about the model when defining observations and
the likelihood of the posterior probability distribution, ob- observation errors. Lightning strikes counted in each local
tained by a minimization of a cost function that includes a area surrounding a grid point during a 6-hour time window
general nonlinear observation operator. As in typical varia-coinciding with the data assimilation interval were assigned
tional and ensemble data assimilation methods, a cost fundo a particular grid point, and then divided by a time interval
tion is derived using a Gaussian probability density func-to form lightning flash rates. Therefore, the lightning flash
tion framework. Like other ensemble data assimilation al-rate observations are grid-point values that represent a cumu-
gorithms, MLEF produces an estimate of the analysis undative count of geo-located lightning strikes over the 6-hour
certainty (e.g., analysis error covariance). In addition to theassimilation time window=3 h from a central time), rather
common use of ensembles in calculations of the forecast erthan the instantaneous measurements. Note that the observed
ror covariance, the ensembles in MLEF are exploited to effi-lightning flash rates were assumed to be greater than zero;
ciently calculate the Hessian preconditioning and the gradid.e., the observation grid points without any lightning strikes
ent of a cost function. The MLEF method is well suited for were not included in the observations pool. Observations of
use with highly nonlinear observation operators, for a smallzero lightning can be important in pointing out the location
additional computational cost of the minimization procedure.of misplaced convection events. However, it is not clear how
Relevant prognostic WRF-NMM variables were selected asthis information would impact convection events that are not
control variables, as they can significantly impact the initial characterized by strong lightning. It is likely that additional
conditions, which can, in turn, influence the forecast. Thisinformation would be needed in order to selectively define
selection includes the following variables: temperatdig ( zero lightning observations. Even though this information is
specific humidity §), hydrostatic pressure depth (PD), ttie  important, it needs further investigation. The non-negative
andV components of the wind, and cloud water mass (CWMcharacter of lightning observations introduces a skewness
—total cloud condensate in WRF-NMM), which combines all that points to a need for a non-Gaussian probability distri-
cloud hydrometeors into a total sum. The goal is to minimizebution function (PDF) in lightning data assimilation (e.g.,

2 Methodology for utilizing lightning observations

the following cost function: Fletcher and Zupanski, 2006; Lien et al. 2013). This issue
1 , will be examined in the future since it can potentially im-
— xS - rove the utility of lightning data.
J(x)_z[x x] Pf [x x] p y g g
1
+ > [y— h(X)]T R [y —h(x)], (1) 2.3 Lightning flash rate observation operator

wherex represents the above-defined control variables with arne |ightning flash rate observation operatofEq. 1) in-
forecast error covariandy, the indexs denotes the forecast  ¢jydes two operations: a transformatidrn) and an interpo-
guessy is the lightning flash rate observations with an error |ation (14); i.e., i = h1hs. In this study the forward light-
covarianceR, andh is the nonlinear lightning observation ning transformation operatorn$) was adopted by exploit-
operator that maps the control variables to the lightning flashng the relationship between lightning and vertical velocity.
rate observations. The superscripindicates the transpose Thjs choice was influenced by the properties of a bulk micro-
of a matrix. physics scheme used in the WRF-NMM model (e.g., Ferrier,
2005), and by the coarse assimilation time window that effec-
tively restricts the use of the cloud-scale information about
hydrometeors and their interactions. A bi-linear interpolation
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technique was used to interpolate the guess lightning flash PDF Innovations - Histograms
rates to the observation locatiolm . No Correction With Correction
As seen in previous studies, lightning is related to updrafts .. — ghtconected . L uncorected
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that support a deep layer of super-cooled water droplets anc ;>
a mixed phase region where charge separation occurs (Blacl& °*
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& o2
a

are empirical parameterg. is a value derived from satel-
lite data climatologies for continental clouds as in Price and .« o o o0z
Rind (1992). Parametersand are dimensionless. oo e

The procedure to develop the lightning observation opera- Gy T Commens
tor started with an approximate calculation of vertical veloc-
ity from WRF-NMM, through the use of a reduced version

from the nonhydrostatic continuity equation

PDF

15 20

Figure 1. Statistics of normalized innovation vectoRs /2 [y-
h(x/)], or PDF innovations for cycles 1-5 for both domains (D01
and D02) before (left-blue) and after (right-red) correction. The

skewed histograms on the left implicitly indicate that the values of
1/090 . 0d . ) ;
wr —|—+veV, O+ — |, 3) observed lightning flash rates are considerably larger than the guess,
g\ o1 ot a situation that required a correction.

wherew is the vertical velocityg is the gravity constantp

is the geopotentialy is the horizontal wind vector, and

is the vertical velocity in a sigma coordinate (Jargt al.,
2005). An approximation was required because vertical ve
locity is not a predictive, but rather a diagnostic variable in
WRF-NMM. After an approximate value of vertical velocity

the observed values of lightning flash rate were considerably
larger than the guess. Therefore, it was necessary to perform
a correction. An option could have been to increase the value

was obtained, the maximum vertical velocity was calculatedof paramgtet n Eq. .(2) to reduce the skevyness. However,
trial experiments indicated a large uncertainty of the param-

for horizontal points according to the following procedure: . ) :
values of cloud water mass (CWM — total cloud condensatefter ¢ from one observation time to another, on occasions
in WRF-NMM) CWM > 10-5 (kgkg~1) were searched for ranging over two orders of magnitude. In order to deal with

at each model grid point and neighboring points along aIIthls error c.)f the obsgrvanon operator (E2), an adjustable
vertical model levels. We defined ax&10 grid point area multiplicative correction parametes ¢~ 0) was included so

(approximately a square domain in Arakawa E-grid stagger-t_hath2 would becomeviz. At_each observgt_lon t_|me, an op-
ing as used in WRF-NMM) surrounding the central point in timal parametetrop Was estimated by minimizing the fol-
order to introduce a smooth transition for the calculation Oflowmg cost funciion:

wmax- This procedure was applied to avoid taking into ac-
count values ofvmay in regions without clouds. If the CWM

threshold was reached, the valueugfiax was calculated ata  J (o) = % [log(a) — |Og(ao)]T W [log(e) — log(ero)]  (4)
grid point and surrounding points at all vertical levels; other- 1 T

wise, wmax Was set to zero. Once the valuewf,ax was cal- + > [Iog(y) — |Og(ah(xf))]

culated, it was possible to calculate values of lightning flash

rate from Eq. ). Since the calculation af (e.g., Eq:3) and R! [|Og(y) - |09(Oth(xf))] ,

wmax iNcludes prognostic model variables, all control vari-
ables can impact lightning flash rates.

Since both a new observation type (lightning flash rate)whereR| is the observation error covariance associated with
and an untested observation operator Baqvere introduced a logarithmic transformatioryg is a guess value, and is
into the data assimilation system, statistics of innovation vecthe uncertainty matrix of the guess value. The choice of a
tors (observation minus guess) of lightning flash rates needetbgarithmic transformation was influenced by the fact that
to be examined first. Figure 1 shows the statistics of the nordightning flash rate is strictly positive definite and that such a
malized innovation vectorg —1/2 [y — h(xf)] at several ob-  procedure could better deal with the large uncertainty of the
servation times. A skewed histogram of the PDF innovationparameter:. As shown in the Appendix (Sect. 7), the solu-
vectors (left) can be readily seen, implicitly indicating that tion of aopt, Which minimizes the cost function, i.e., Ed)(

Nonlin. Processes Geophys., 21, 1021841, 2014 www.nonlin-processes-geophys.net/21/1027/2014/



K. Apodaca et al.: Observed lightning tested in a mesoscale model 1031

MLEF 1949) to define the information content of observations as

( } Henfrine Observation Operator an entropy difference before and after data assimilation. As
| 1 | i shown in Rodgers (2000), the entropy is considerably sim-
71 E"‘“"‘l‘“"‘”‘ T} :ml": plified with a Gaussian probability assumption, and the in-

, formation content can be conveniently expressed in terms of

> degrees of freedom for signails,

=w from

First Guess

— —— d =trace[| —p P’l], 7
‘ Lightning Observation Operator }}‘-‘ Winax S a f ( )
Ensemble + Control
bod /l\ b where “trace” is the trace functiot,is the identity matrix,
Lo ) . andP; is the analysis error covariance. This can be further
\ N . . . .
| reduced in terms of the eigenvalues of the observation infor-
o, T mation matrix, given by

PY/2HTRHPY? = UAU”, ®)

whereA andU are the eigenvalue and eigenvector matrices,
respectively, andl is the Jacobian of the observation opera-
tor. The degrees of freedom for signal are then

[ Control Variable Update ]

22

ds = Z 3 ©

Figure 2. Flowchart of the data assimilation system. To the left is T 144

the MLEF system with all its components. The lightning obser- . )

vation operator algorithm is shown on the right-hand side of theWhere)}i are the eigenvalues. Zupanskl_et al. (2007) showed

flowchart. that this formula could also be useful in reduced-rank, en-
semble space calculations, in which the summation is per-
formed over the number of ensemble members. Since an

is given by eigenvalue decomposition of the observation information
Neb matrix is a component of the MLEF algorithm, the addi-
1 ZO:S|Og (;) tional cost of calculatingls is minimal. By calculating the
Nops h(x) ); R ; ;
Hopt = EXP i=1 i ) degrees of freedom for signal, we can quantify the impact
opt 1+ ;—% ’ of the lightning observations in terms of an uncertainty re-

duction. Note that Eq.9) has non-negative values between
0 andNeps depending on the structure of the observation in-
whereNgpsis the number of observations, didgf =wgand  formation matrix. If there is a negligible impact of lightning
diagRL) = ro. Therefore, the lightning observation transfor- observations, the number of degrees of freedom for signal
mation operator (EcR) was substituted by will be close to zero, i.e., much smaller than the number of
ensemble members.
ho=f= Oloptcwﬁwx- (6)

The observation operator transformation (e.g., §qgs de- 3 Experimental design

fined over a two-dimensional horizontal domain only since

flash ratef is a horizontal field (e.g., the number of hits 3.1 General synoptic description of the case study

per unit area and time). This requiresmax to be two- ) ) )
dimensional as well. Thereforemay is defined for each hor- AS @ proof of concept case for regional lightning data as-
izontal grid point, as the maximum value of vertical velocity Similation over a continental area, we selected the severe
(w) over all vertical levels. The flow diagram of the data as- eather event that occurred on 27-28 April 2011, where an

similation system and the lightning observation operator argeStimated 292 tornadoes hit the southeastern, mid-western

illustrated in Fig. 2. and northeastern United States, according to the Storm Re-
port Center (Fig. 3, top panel). A figure of 500 hPa heights,
2.4 Information content of lightning observations with color contours of wind speed and surface observations

from the Forecast Systems Laboratory (Fig. 3, bottom panel),
In general terms, the impact of observations can be quantifiedhows that atmospheric conditions created a perfect sce-
using an uncertainty reduction after data assimilation. Sincenario for severe weather development. An upper-level low
entropy measures the uncertainty, one can use the formaktentered on Minnesota along with the advance of a deep
ism of Shannon information theory (Shannon and Weavertrough and its associated jet streak (wind speed exceeding
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Figure 4. Domain configuration. DO1 is the mother domain with a
size of 1350« 2952 kn? (50 96 grid points) at 27 km resolution.
D02, the inner nest, has a size of 540170 kn? (60 x 130 grid
points) at 9 km resolution.

disturbance moved into the area, while winds at the 850 hPa
level (around 1500 m) increased to 26—-28Th and became
more southerly. The combination of high low-level moisture
and increasing shear provided the setup for damaging winds,
large hail and brief tornadoes. This line experienced further
intensification as it moved into northwestern Alabama, es-
Figure 3. Valid at 00:00 UTC, 28 April 2011. Storm Prediction Cen- Pecially after 09:00 UTC. This line of severe storms pushed
ter daily storm reports showing a total of 292 reported tornadoesinto northwestern Alabama, prompting a tornado watch for
(top). Forecast Systems Laboratory, 500 hPa geopotential heightall of northern Alabama and portions of southern to cen-
and color contoured wind, and surface observations (bottom), showtral Tennessee until 14:00 UTC. A deep layer of shear and
ing an upper level low over Minnesota, a deep trough with an assomoisture increased dramatically later in the afternoon and
ciated jet streak over the northeastern corner of Alabama, 'nd'Caevenlng of 27 April ahead of the strong cold front. This
tive of a region of positive vorticity adevection (bottom, courtesy of 4 \hination of strong instability and high shear continued
Daniel Bikos). through the evening hours ahead of the cold front before it
pushed east of the area into Georgia. This produced the last
and most violent round of severe weather, which began at
41.15ms?) aloft led to rapid atmospheric destabilization around 20:30 UTC for northern Alabama, as supercells be-
on the afternoon of 27 April. Surface moist—warm flow ar- gan to line up to the southwest of the area. During the early
rived from the Gulf of Mexico, with dew points exceeding afternoon hours, the potential for destructive tornadoes was
21°C and wind gusts over 7.72 m5at the Alabama coast. highlighted by the Storm Prediction Center’s upgrade to a
An upper-level disturbance sparked a broad area of showrare “High Risk” for severe weather around 13:00 UTC. This
ers and thunderstorms as it moved across the frontal boungsrompted a “Particularly Dangerous Situation” (PDS) tor-
ary on the previous evening. The eastern edge of this line ohado watch, which was issued for northern Alabama and por-
showers and storms continued to move eastward, in concettons of southern to central Tennessee at 19:45 UTC. The po-
with the upper-level disturbance, reaching the northwesterrtential really ramped up from noon through 21:00 UTC. Dur-
Alabama border at around 07:00 UTC on 27 April. Mean- ing this period, much of Alabama experienced numerous su-
while, surface winds backed to the south—southeast as thpercell thunderstorms producing strong to violent tornadoes,
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including five EF-4 tornadoes and one EF-5 in the Huntsville Data Assimilation Timeline
forecast area (NOAA Service Assessment, Hayes, 2@fd., rcsimilation nterva
Iliwvww.srh.noaa.gov/hun/?n=hunsur2011-04-27_9etup (Cycle n, n=0, 1, 2,..,n-1)
3.2 Model and domain configuration ’
-3 hours +3 hours
The WRF-NMM version 3.2 model from the Develop- — b |
mental Testbed Centehttp://www.dtcenter.orgwas em- : ) ¢ time

. . -3h +3h
ployed in this study. WRF-NMM was developed by " ’ "
the NOAA/National Centers for Environmental Prediction Observations
(NCEP) (Janft et al., 2010). For simplicity, only some "
physics and dynamics choices are mentioned. The micro- Forecast
physics option was Ferrier (Ferrier, 2005), which includes |- cyeo nitial cycie)is the wrr-nvm - -

. . fields from GFS at t, « The background (x,) is used as a first
prognostic mixed-phase processes. The longwave and short | =~ " guess to obtain the analysisfor the next cycle
wave radiation options were the Geophysical Fluid Dynam- | . anaysis x,: from assimitation of - The Analyss x,) s 2 maximum lieliood

observations at central time t, (n>0)

ics Laboratory (GFDL) schemes. The GFDL longwave ra-

diation scheme includes the transmission and absorption 0’f__i L o )
. . . gure 5. Data assimilation timeline. The data assimilation fre
carbon d_|0X|d_e, ozone, and water vapor in multiple spectralquency for the lightning observation is 6&3h) from a central
bands. Likewise, in the GFDL shortwave scheme, ozone angime ;. - 0. The initial cycle (Cycle 0) is just the model (WRF-
water vapor are the main absorbers. Both schemes includgmm) output fields from the GFS files, . The forecast, or back-
cloud microphysical effects (Falkovich et al., 2005) The ground statex{p), is obtained from,, _3p, to 1,,4.3h. The forecast is
planetary boundary layer option was the Mellor—Yamada—used as a guess to obtain the analysis solution for the next cycle.
Janjinc (Janf, 1994). The land surface option was the
NOAH land-surface model (Ek et al., 2003) with soil temper-
ature and moisture in four layers, fractional snow cover and In the present study, WWLLN data were assimilated. The
frozen soil physics. For the cumulus parameterization, Betts WWLLN is an experimental lightning detection network that
Miller=Janjic was selected. This scheme adjusts deep shalprovides the location of cloud-to-ground (CG) and some
low convection with a relaxation towards variable humidity intra-cloud lightning (IC) strikes in real time. It has a global
and temperature profiles (Janji994, 2000). coverage with 10 km location accuracy and flash detection
The WRF-NMM simulations in this study were configured accuracy greater than 50% (Lay et al., 2004). WWLLN is
with two domains. Domain 1 (D0O1) had a horizontal grid for the most part a time average of geo-located CG lightning
spacing of 27km and a size of 13&®592knt (50 x 96 flashes that cannot address the cloud-resolving characteris-
grid points). This domain covered parts of the mid-west, thetics of lightning. Nonetheless, for the purposes of evaluating
Gulf of Mexico, the Atlantic Ocean, and the eastern Unitedthe impact of lightning observations on the storm environ-
States. Domain 2 (D02), centered on Alabama, had a horment, making a distinction between CG and IC lightning is
izontal grid spacing of 9km and a size of 540170 kn? beyond the scope of this study. The ensemble size was set to
(60 x 130 grid points) (Fig. 4). Both domains had a vertical 32 in order to match the number of processors per node, with

extent of 27 levels. a data assimilation interval of 6 h to match the frequency of
the Global Forecast System (GFS) input files. The 6-hourly
3.3 Data sets and data assimilation system setup averaged lightning flash rate&38 h) were assimilated at each

central times, (n > 0). An initial 6-hour forecast was ob-
The ensemble boundary conditions were obtained from theained at cycle 0 from WRF-NMM with the GFS files (from
NCEP Global Forecast System (GFS) using the WRF prey, s to1,,31), and it was used as a first guess to obtain the
processing system (WPS). With the exception of the initial gnalysis solution for the next cycle. The background state
ensemble preparation (i.e., cycle 0 in our terminology), theor prior, is an estimate of the most likely dynamical state; it
initial conditions for the ensemble members were obtaineds a deterministic forecast from the previous assimilation cy-
through the MLEF algorithm by adding the analysis squarecle, The analysis solution was obtained as a maximum like-
root error covariance columns to the analysis. Further inihood estimate from the assimilation of observations at the
formation about the MLEF methodology can be found in central timer, (Zupanski, 2005). These steps were repeated
Zupanski (2005) and Zupanski et al. (2008). The localiza-during each cycling period. Figure 5 shows the data assim-

tion setting for the ensemble-based covariance includes gation timeline. The observational error was assumed to be
de-correlation length of 90 km. The data assimilation periodg.10 hits knT2h-1.

started at 18:00UTC, 26 April 2011, ending at 12:00 UTC,
28 April 2011. Note that there was no data assimilation at
the initial time.
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3.4 Description of the experiments B W SOW W W W W 0w B W s
(@) : ; \Z; 7 : ; (b) T
Three simulations were performed to assess the impact of the*™ | N
assimilation of lightning flash rates on a mesoscale NWP:  w{ - o~
1. The first experiment was a single observation test (1- ** {1~/ O ]
OBS), performed to evaluate the impact of assimilat- ..., \jﬁ PN i S
ing lightning flash rates at a single WWLLN location T
(34.5 N, 8% W) on the analysis increment (analysis " [, ¥ S 8

minus background) of a subset of the control variables -

28N -

(g, T, U, andV) mentioned in Sect. 2.1 and to illustrate qlaken
implicitly the complex structure of the flow-dependent BT | .
. . 05 Sels 205 0 lels 205 B0 4l 003 002 000 0 001 002 003 004
forecast error covariance. The difference between the W W W GEW W B G2 oW
. e . 1 Il Il Il Il Il 1
initial observation and the guess was assumed to be one © AW N
standard deviation of the observation error covariance AT
R;i.e.,y =x/ + ok, whereog = 1. oo
2. The second experiment was a control run, without the L

assimilation of lightning data, referred to as no data as-
similation (NODA). Note, however, that lightning ob-

320N oo

servations were still present in the simulation in order
to define the optimal regression parameigy. PR S R N N
3. In addition to the two simulations mentioned before, an D:&EI%:-

experiment that included the assimilation of WWLLN W o o2 05 e G2 0% 07
lightning data (LIGHT) was performed. LIGHT had the
same set-up as the NODA simulation; the only differ-
ence was the assimilation of lightning flash rates.

Figure 6. Analysis increments dfa) specific humidity(b) temper-

ature and(c) wind at 700 hPa. The black dot shows the location
of the single observation (35.0N, 87.60 W). Dipoles of posi-

tive and negative analysis increments can be observed at either end
4 Results of the single observation in the specific humidity and temperature
plots, but with opposite signs. 700 hPa winds show a positive anal-
ysis increment with maximum values coinciding with the region of
positive temperature increment, and anti-cyclonic circulation can be
observed around the location of the single observation.

In the following sections, we present an evaluation of the
impact of the assimilation of lightning data for the 27—
28 April 2011 severe weather event, focusing on domain
D02 (9 km resolution). First, results of the (1-OBS) exper-
iment are shown, followed by an evaluation of the time-flow- . o o )
dependent forecast error covariance through the use of déd negative analysis incrementsginwith a magnitude of

5 1 f
grees of freedom for signal to quantify the information added4 < 10> kgkg™", is observed at opposite sides of the lo-
to the system by the assimilation of the lightning observa-cation of the single observation. The analysis increment of

tions. Then, an evaluation of several synoptic fields from thel€mperature) at 700 hPa (Fig. 6b) shows regions of pos-

LIGHT simulation and validation of the DA system through itive and negative analysis increments, with a magnitude of

2 . .
comparisons with some observations are presented. ThereE# * 107° degrees K, over the same regionsga$ut with

after, an assessment between the LIGHT and NODA simu{he opposite sign. The plot of wind speed at 700 ?Pa (Flig. 6c)
hows a positive analysis increment of 270 -ms -,

lations through the calculation of root mean square (RMS)S_ . = . . '
errors of the lightning observations is shown. with maximum values coinciding with the region of positive

potential temperature increment. The spatial extension of the
4.1 1-OBS experiment impact of assimilating a single lightning strike on some of the

dynamical variables of the model in D02 (9 km resolution)
The difference between the analysis and the 6-hour forecastias approximately (i) 12 grid points<(110 km) for specific
(background) was evaluated. Figure 6a shows the 700 hPaumidity, (ii) 20 grid points ¢ 180 km) for temperature, and
analysis increments of specific humidity)(at 18:00 UTC,  (iii) 30 grid points ¢~ 270 km) for wind.
27 April 2011, or cycle 3 in the data assimilation period. The former Fig. 6a, b, and ¢ indicates that the assimi-
This time was chosen since tornadoes started developintation of lightning at a single location impacted the atmo-
over northern Alabama just a couple of hours before. Thespheric environment at surrounding grid points. The magni-
black dot indicates the location of the single observation betude of the analysis increments indicates non-negligible ad-
ing assimilated (349N, 8% W). A clear dipole of positive  justments on dynamical variables of the mesoscale model.
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2011_04_27-00:00:00 2011_04_27-12:00:00 2011_04_28-00:00:00
Cycle 1 Cycle 3 Cycle 5
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Figure 7. Degrees of freedom for the signal (top three plots) of
assimilated lightning data and observed GOES IR and WWLLN
lightning flash rates (bottom three plots, courtesy of Gregory De-
Maria and Jack Dostalek) for cycles 1, 3 and 5. The areas of high-
est density of lightning observations are in general agreement with
the information content, implying that the flow-dependent ensemble
forecast error covariance geographically coincides with the location
of observed lightning throughout most of the assimilation period. Figure 8. (a)Background (forecast) winds at 850 hPa at 00:00 UTC,
Note, however, that the agreement for cycle 3 is not very good, im-28 April 2011 (cycle 5) from the experiment without lightning
plicitly confirming that ensemble forecast uncertainty is not always (NODA), (b) background (forecast) winds at 850 hPa at 00:00 UTC,
sufficient for representing the true forecast uncertainty. 28 April 2011 (cycle 5) from the lightning data assimilation exper-
iment (LIGHT) and(c) GOES IR and observed 6-hour WWLLN
lightning flash rates at the same time (courtesy of Gregory DeMaria
Most importantly, it can be noted that the hybrid DA system @nd Jack Dostalek). The core of strong wind speed matches the re-
was able to spread the information of a single lightning ob-9ion of high lightning flas_h rate dgnsnyln the observations, bl:Jt note
servation spatially and to influence the initial conditions of 12t the core of the maximum wind speed has a larger spatial cov-
e . erage in the LIGHT experimer{b), and based on computed dif-
SpeCIfIC humidity, temperature,_ﬂlé andV components of ferences, stronger winds on the order of 41h svere found in the
the wind, and other control variable elements. These results |yt experiment.
are a manifestation of the complex structure of the ensem-
ble forecast error covariance matrix. This is important, since

it indicates that the information from lightning observations nal of 12, 22, and 10 for cycles 1, 3, and 5, respectively, can
can impact the initial conditions and eventually the forecastpe observed in Fig. 7. These values indicate that the bene-
of coarse-resolution models. fit of the observations is important, otherwise these values
would be close to zero, i.e., much smaller than the number
4.2 Evaluation of information content of the lightning  of ensemble members, 32 in this case. On the other hand, if
observations the former values were to approach the number of ensem-
ble members, this would be an indicator of the introduction
In these experiments, the degrees of freedom for signapf noise to the DA system by the observations, and their
were computed in ensemble subspace following Zupanpossible benefit would be nullified. Note however that the
ski et al. (2007). The top three plots in Fig. 7 show degreesaggreement in cycle 3 was not very good. It is possible that
of freedom for signal during three assimilation cycles (1, 2 ensemble perturbations were not large enough over north-
and 3, as an example) and observed GOES-IR and lightningastern Alabama, where another maximum should have been
flash rates at matching times (bottom three plots). The arpresent. This lack of agreement can arise from the use of a
eas of highest density of WWLLN lightning observations are reduced-rank ensemble approach and consequently not hav-
in agreement with the information content, implying that the jng enough spread in the ensembles. However, the agreement

time-flow-dependent forecast error covariance had a direcimproved in subsequent cycles (e.g., shown for cycle 5).
relationship with the observations throughout the assimila-

tion period. Maximum values of degrees of freedom for sig-
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lute vorticity at 00:00 UTC, 28 April 2011. Regions of positive in- S I
crements are found on the upper left-hand side in both plots. Winds
are advected into the region of strong CAPE seen in Fig. 10a.
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4.3 Impacts on the environment during the severe

weather event an
The following results correspond to 00:00UTC, R N N N S
28 April 2011, cycle 5 in the data assimilation time CAPE Ol
line, at the time when an EF-4 tornado affected Tuscaloosa . CEEE

R0 TR0 100 10 1800 170 200 250 250 28 0 0 W I

and Birmingham, Alabama. Fields of wind, absolute vortic-

ity and convective available potential energy (CAPE) from Figure 10. Background CAPE for th¢a) NODA and (b) LIGHT
both experiments (LIGHT and NODA) portray a distinctive €xperiments, andc) observed.CAPE from the Storm Eredlctlon
scenario of an environment favorable for the strengtheningcenter's surface mesoanalysis at 00:00 UTC, 28 April 2011 (cy-
of deep convection, but with some differences between them€ 2)- Aregion of high CAPE gradient is observed on the upper left-
Figure 8a shows E)ack round (forecast) winds at 850 hP hand side of the domain, indicating the presence of a well-defined
fr(?m the NODA experir%ent Figure 8b shows background ry line, in agreement with observations, but there are no significant

- . differences between both experiments. One reason is that there are
winds at 850hPa from the LIGHT experiment. A Core nq jightning observations in the region where the strongest CAPE

of increased wind speed over northern Alabama can bgyas observed. Lightning data were not able to impact CAPE.
observed in both plots. However, the core of maximum wind

speed has a larger spatial coverage in the LIGHT experiment

and stronger winds, based on computed differences, on the

order of 4 to 6 ms?. Note that this region is co-located with was not able to produce sufficient uncertainty in all relevant
an area of a high density of WWLLN lightning observa- areas.

tions (Fig. 8c). Figure 9a and b correspond to the analysis Similarly, by analyzing CAPE at the forecast step from
increment of the 850hPa winds and absolute vorticity, both experiments (Fig. 10a, b), a region of high CAPE gra-
respectively. Regions of positive increments are founddient is observed on the left-hand side of the domain, indi-
near the left-hand side in both plots (4 to 6™ sn wind cating the presence of a well-defined dry line. However, no
speed and 4 10~4s1 in vorticity). Almost no analysis  significant differences were found between both experiments
increments can be found in the region where the densedbr this particular assimilation cycle (cycle 5). One possible
lightning observations are located (Alabama). Among pos-reason is that there were no lightning observations present at
sible reasons, we can mention the following: (i) the largestthe core where the strongest CAPE was observed. Therefore,
forecast uncertainty (i.e., ensemble perturbations) typicallylightning was not able to impact CAPE significantly. Further
occurs in the areas of strongest dynamical instability, in thisinvestigation is required to see if the same behavior occurs in
case, in the region where a dry line was present over thether cycles and case studies.

states of Louisiana, Mississippi, Arkansas, and Missouri. Forecast CAPE was validated by comparing the model
Even though the dry line may not be characterized by theoutput with observations from the Storm Prediction Center’s
strongest lightning activity, there were still some isolated surface mesoanalysis at 40 km resolution. Figure 10c shows
lightning observations present over the domain, as seen iobserved CAPE. A well-defined dry line can be readily seen
Fig. 8c. (ii) Alternatively, it may have been a consequencein the plot of background CAPE (Fig. 10a, b), which coin-
of using an ensemble-based forecast error covariance thatides with the location of a strong CAPE gradient on the
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observations (Fig. 10c). The formation of a dry line can of- @ 0.10-
ten be a precursor for severe thunderstorm formation with
tornadogenesis potential (Grazulis, 2001). Note however that 0097 |=e=LIGHT
the model missed the location of the core of maximum CAPE

(~3500Jkg?l) by one degree, latitude and longitude. The

observed maximum CAPE was located over the ocean, just
off the Mississippi coast, while in the model output, the same

core was placed at the southern Mississippi—Louisiana bor-
der. Nonetheless, by assimilating lightning flash rates, the
analysis increments increased, thus increasing the magni-
tude of winds and absolute vorticity at 850 hPa. The analysis 0.04 |
increment of wind suggests that absolute vorticity was ad- : : : : :
vected into the region of a strong CAPE gradient (dry line). T

0.08

0.07

RMS Error

0.06

0.05

o
~

Cycle no.

4.4 Statistics: analysis and forecast root mean square 0104  [=e=nNoDA
(RMS) errors with respect to the lightning observa- —e—LIGHT
tions (LIGHT vs. NODA) 0.09-

A qualitative comparison of atmospheric fields between the
data assimilation (LIGHT) and control (NODA) experiments
with observations may lead to subjective conclusions in de-
termining which experiment outperformed the other. Statis-
tical evaluations, on the other hand, can provide useful diag- 0.06
nostics when morphological differences are not obvious.
Analysis and forecast RMS errors with respect to the light-
ning observations were calculated from a domain containing 0 J M : . :
the observed lightning flash rates at 10 km resolution dur- Cycle no.
ing the 6-hour assimilation time window, as described in
Sect. 2.2. From Fig. 11a, the LIGHT experiment achievesFigure 11.Root mean square (RMS) errors with respect to lightning
a better fit in the analysis compared to the NODA experi—ﬂaSh rate observations during six assimilation cycles at 6 h intervals.
ment, but not for cycle 6. A possible reason could be that thel@) Analysis RMS error. The RMS error reduction was achieved
system was exiting the model domain at that time. Since thedunng t.he f|_rst f_lve cycles of the a55|mllat|on period, while there
strongest convection and cold front moved away from thels deterioration in the last cycle, possibly due to the fact that the

d N th ianifi t lightni fivit th system was exiting the model domalfb) 6 h forecast RMS error.
omain, there was no significant ightning activity OVer the rpqq is no clear improvement in the forecast, suggesting that ad-

region. Consequently, the number of lightning observationsyitional development of the assimilation system might be required,
available for data assimilation significantly decreased andsych as an improvement in the observation operator, the addition of
the impact of lightning data assimilation was reduced. Thenew observations, and a possible improvement in the forecast un-
analysis result is not well retained in the forecast (Fig. 11b).certainty estimation.

This issue definitely requires further investigation. A possi-

ble reason may be that there are no other types of observa-

tions being assimilated, such as conventional and satellite obg Summary and future work

servations that would additionally constrain the analysis and

eventually create dynamical balance, further improving the, this study, the preliminary development and assessment
analysis and consequently the forecast. Note that lightningys , methodology for the assimilation of lightning observa-
is just an additional type of observation. All available obser- i, through hybrid variational-ensemble methods is pre-
vations have to be in agreement with each other at the samggnied. The aim of the study was to evaluate if lightning
Iocation._ Therefore, in regions where lightning obse_rvationsdata assimilation can be useful in mesoscale, regional, and
are not in agreement with other types of observations, theyiona| applications at a coarse resolution in which convec-
data assimilation algorithm will create the optimal observa-ti,n cannot be explicitly resolved. The MLEF system inter-
tion impact based on uncertainty of all observations in theg;.aq with WRE-NMM was utilized to investigate the im-
region. In areas where lightning observations are not ava”'pacts of lightning data assimilation on a mesoscale NWP
able, other measurements should help. model. As a proof of concept, this methodology was tested
for the 27-28 April 2011 severe weather event in the south-
eastern United States. Results indicate that lightning was ca-
pable of spreading new information into the WRF-NMM

0.08

0.07

RMS Error

0.05

o
~
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model. Analysis increments of 750 hPa specific humidity, Analyses and forecast RMS errors with respect to the
temperature, and winds indicate that the assimilation of light-lightning observations from the LIGHT and NODA exper-
ning flash rates could impact the initial conditions of a subsetiments indicated that LIGHT achieved a better fit at the anal-
of model variablesq, T, U andV) leading to dynamical bal-  ysis step compared to the NODA experiment. However, the
ance as shown by the output from the 1-OBS test. The infor6-hour forecast after assimilation did not show any clear im-
mation content of lightning data was quantified through theprovements in terms of the RMS errors. This requires further
calculation of degrees of freedom for signal. Regions of highinvestigation.
density of observed lightning flash rates were in agreement The methodology presented in this study represents an
with information content theory, indicating that the time- initial step towards developing a comprehensive multivari-
flow-dependent forecast error covariance was directly relatedte, multi-scale, multi-sensor operational data assimilation
to observations during the assimilation period. system that prepares for the assimilation of lightning along
Evaluation of some atmospheric fields from the LIGHT with different types of operational observations and for mul-
experiment indicated that the assimilation of lightning datatiple applications. As a first step, we intended to verify if the
influenced winds, and absolute vorticity. A core of increaseddata assimilation techniques described here could be accom-
background wind speed at 850 hPa coincides with the locaplished, and that lightning data could add information con-
tion of the region of high density in lightning observations for tent to a modeling system with a coarse resolution similar
the same assimilation cycle, indicating that the assimilationto the ones used in operations. Further studies are planned
of lightning data had an impact on the increase of wind speedwhere this methodology will be tested for different appli-
Analysis increments of the 850 hPa wind, absolute vorticity cations (e.g., different case studies, different models and
and background CAPE indicated that vorticity was advectedchoices of observation operators). Operational conventional
into the region of strong CAPE gradient where a dry line and satellite observations will be assimilated alongside light-
formed. All these changes suggest the development of an eming flash rates to constrain the fit in the analysis further.
vironment favorable for the strengthening of deep convec-
tion.
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Appendix A: Lightning flash rate observation operator From (A7),
correction: weak constraint

log(e) = (A8)
Assume a multiplicative correction to the observation opera- /. ., __1 y Tanr—1
tor (i.e., correction in magnitude, not in the direction of the ([1] R [IOQW] +log(eo) [1]" W [l])
vector) Ny [R[1+W*1] [1]
h(x) — ah(x), (A1)

. o Finally, the optimal multiplicative parameter is given by
wherea > 0 is the unknown multiplication parameter.

Consider a logarithmic function of vectors, since all vec- ¢, = (A9)
tors (i.e.,y andh(x)) are positive definite and define a cost — y —
function with the adjustable parameter exp[[l] Re ['09 (mﬂ +log(ao) [1]" W [1]:|
1 T[Rr-1 -1 '
7@ = 5 [log(@) ~log(ao)]" W [log() — log(ao)] (7[R + w1

1 17 After employing a common assumption that the uncertainty
i _ S
+ 2 [Iog(y) log(erh (x ))] matrix W and the observation error mati_ are diagonal,

REl [Iog(y) _ |Og(ah(xf))] ’ (A2) with diag(W) = wo and diagR) = ro, respectively,

whereR| is the observation error covariance associated With[l]T wt [1] = Nobswq ! (A10)
a logarithmic transformatiornyg is a guess value, and/ is

the uncertainty matrix of the guess value. The optimal pa- . ) 1 1

rameteraop; > O that minimizes the cost function (Eq. A2) [1] [RL +W ][1] = NobS(ro +wg ) (A1)
is searched for, following a standard procedure of function

minimization to solve

() o T e e e

Note that in order to differentiate with respecutpit may be  where Nops is the number of observations. Substituting
more convenient to redefine the cost function (Eqg. A2) in theEgs. (A10), (A11), and (A12) in (A9) gives
following manner:

1 r Qopt= exp (A13)
J (@)=3 [log(@)—log(eo)]” W*[log(e) —log(eo)]  (A4) | Nos , 1
> log (ﬁ) + ('f—g) log(eo)

1 T - NObsizl ;
[°g<h< ))_'Og(“)] R ['Og(m )> _'Og(“)} ()

The Jacobian of Eq. (A4) is

8J(a) W 1. .7 Without additional knowledge, a typical guess valueds=
o [1] [Iog(a) —log(eo)] - @ (1 1, which further simplifies the solution (A13) to
og( ) — Iog(oz)} , (A5) Nobs
|: h( ) Nobs Z: g<h(x)>
where[1] is a vector with all components equal to one. After aopt = exp — . (A14)

employing Eq. (A3), 1+ w_%

2 {togten) (13" W1 +loger[1)” R (2] ~ (1]

[Iog(h( ))} - Iog(ao)[l]TW_l[l]} =0. (A6)

After multiplying Eq. (A6) bya (wherea > 0), Eq. (A6) can
be rewritten as

o T[p-1 “17 17 _
logte) (117 R+ W] (1] - (117 [Iog(h( ))}
— log(ao) [1]" W*[1] =0, (A7)

The above expression can be easily calculated in the obser-
vation operator and provide an adjustable correction factor.
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