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Abstract. Observations of extremely low freq uency (ELF) radio atmospherics (sferics) , 
the transient electromagnetic fields radiated by lightning discharges, are used to determine 
the current moment waveforms of vertical lightning discharges. In order to extract this 
information the propagation of radio atmospherics from source to receiver must be modeled 
accurately, especially in view of the. important role played by the D and E regions of 
the ionosphere at these long (>200 km) wavelengths. We model broadband ELF sferic 
waveforms by adapting a single-frequency ELF propagation code to calculate an ELF 
propagation impulse response under the assumption of horizontal ionospheric homogeneity, 
with which we extract the source lightning current waveform from an observed ELF sferic 
waveform using a deconvolution method based on linear regularization. Tests on modeled 
sferics indicate that the method is accurate and relatively insensitive to noise, and we 
demonstrate the application of the technique with a sprite-associated sferic. Since ELF 
sferics can often be observed many thousands of kilometers from the source discharge, the 
technique developed here represents a powerful new method of remotely sensing lightning 
current waveforms. 

1. Introduction quency (ELF, 3-3000 Hz) bands. ELF and VLF en- 
Radio atmospherics (or sferics, for short) are the ergy originating in a lightning discharge is reflected 

electromagnetic signals launched by individual light- by the lower ionosphere and the ground and thus 
ning discharges. Lightning radiates electromagnetic propagates in a guided fashion between these two 
energy over an extremely wide bandwidth, from a boundaries, which form what is known as the Earth- 

few hertz [Burlce aid Jones, 19921 to many tens of ionosphere waveguide. This guided propagation oc- 

megahertz [ We~drnu~ ~~a K~de~, 19861. However, curs with low attenuation rates (a few decibels per 

by virtue of the timescales of the return stroke cur- 1000 km [ ~~~~0~ and Sao, 1970]), allowing ELF-VLF 

rent most of the energy is radiated in the very low sferics to be observed literally around the world from 

frequency (VLF, 3-30 kHz) and extremely low fre- their source lightning discharge. 
Since ELF-VLF sferics are launched by the light- 

ning current &d can be observed at long distances 

INow at Depar tment of Electrical and Computer from the discharge, their measurement can poten- 

Engineering, Duke University, Durham, North Car- tially provide a powerful technique for remotely sens- 
olina. ing the source lightning current waveform. In this 

work, we develop a technique to determine the light-. 
Copyright 2000 by the American Geophysical Union. -. ning discharge current moment (i.e., current magni- 

tude times channel length) using ELF sferics mea- 
Paper number 1999RSOO2184. sured at an arbitrary but known distance from the 
0048~6604/00/1999RS002184$11~00 source lightning. We assume that the propagation 
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of this energy is linear, and therefore we ignore any 
ionospheric modification by the radiated lightning 
energy. Although0 intense lightning discharges pro- 
duce both heating and ionization at ionospheric alti- 
tudes [ ~~~u~e~~o et al., 19931, such disturbances are 
generally localized, and their effects on ELF sferics 
at long distances are expected to be small. This lin- 
earity implies that the sferic waveform is given by 
the convolution of the source current moment and 
the overall system impulse response, defined as the 
fields observed remotely from an impulsive vertical 
lightning discharge, which includes the effects of sig- 
nal propagation and reception. Thus the extrac- 
tion of the current moment amounts to a deconvo- 
lution of the observed ELF sferic and an appropri- 
ate propagation impulse response, which we imple- 
ment with a technique known as linear regulariza- 
tion. We model the propagation impulse response by 
adapting a general, single-frequency ELF-VLF prop- 
agation code (Long Wave Propagation Capability, or 
LWPC) [Pappert and Moles, 1974; Pu~~e~~ and Fer- 
g~son, 19861 to model broadband ELF sferic wave- 
forms. 

To simplify the extraction of the source current 
moment, we only consider the propagation of the 
quasi-transverse electromagnetic (QTEM) mode in 
a horizontally homogeneous Earth-ionosphere wave- 
guide (although inhomogeneities can be accounted 
for if required). Our assumption of homogeneity is 
valid at midlatitudes at night when the ionosphere 
is relatively stable, but it breaks down in regions of 
known inhomogeneity such as the day-night termina- 
tor. Since the QTEM mode is inefficiently excited by 
a horizontal current source, our method is effectively 
limited to measuring vertical currents. Although the 
sferic waveforms received on the ground are com- 
posed of a superposition of this QTEM mode and 
other waveguide modes, the desired QTEM mode 
can be extracted by low-pass filtering the sferics at 
~1.5 kHz, as the quasi-transverse electric (QTE) and 
quasi-transverse magnetic (QTM) modes typically 
have a sharp cutoff near this frequency and thus do 
not contain significant energy below it [e.g., Cum- 
mer eC uZ., 1998a]. This filtering necessarily limits 
the bandwidth of the extracted current moment and 
therefore precludes the extraction of current wave- 
form characteristics with frequencies above 1.5 kHz;. 
It should be noted that while’ this filtering does in- 
crease the risetime and fall time of the discharge cur- 
rent and reduces the peak current amplitude, it does 
not significantly reduce the measurability of the total 

charge moment change in the discharge (i.e., the time 
integral of the current moment), which is an impor- 
tant quantity in some applications. The bandwidth 
of the measurement could be increased by includ- 
ing the information at frequencies above ~1.5 kHz; 
however, the propagation of VLF energy in the QTE 
and QTM modes is highly dispersive and depends 
strongly on the ionosphere [ C~rnrne~ et al., 1998a], 
making it more difficult to analyze than the signal 
in the QTEM mode. These highly dispersed QTE 
modes are responsible for the waveforms known as 
tweeks [Sulchorulcou, 19961. We should also mention 
that we use the term ELF throughout this work to 
denote signal energy at frequencies where only the 
QTEM mode propagates (below ~1.5 kHz). 

Among the techniques that have been used to mea- 
sure lightning return stroke current waveforms and 
charge transfer are direct strike of instruments [~~- 
bert et al., 19841, electric field mill arrays [Krehbiel 
et al., 19791, and nearby observations of HF radia- 
tion [ Cooray and Gomes, 19981. A disadvantage of 
these techniques is that they are restricted to mea- 
surements made. at distances of at most a few tens of 
kilometers from the lightning discharge. The sferic- 
based method which we describe in this work can 
be applied to any observable sferic with a known 
source location and thus does not have a localiza- 
tion limitation. The sferic-based technique outlined 
here has been particularly useful in the measurement 
of charge transfer in lightning discharges which are 
associated with sprites [e.g., C~rnrne~ et al., 1998b], 
the transient mesospheric optical emissions which oc- 
cur in response to some strong lightning discharges. 

ELF sferics, also referred to as “slow tails,” have 
been studied experimentally for many years [Hee~a 
bag, 1957; Tuylor and Sue, 1970; Hughes, 1971; 
Burke and Jones, 1992; Reusing et al., 19961. Broke 
and Jones [1996] described a method to extract a 
two-parameter lightning current moment from mea- 
sured ELF sferics in a narrow frequency range (5-50 
Hz), while our technique extracts an arbitrary light- 
ning current moment waveform over a wider band- 
width (-10-1500 Hz). A number of simplified, an- 
alytical models of single-frequency and broadband 
ELF propagation have been formulated [Wait, 1960; 
Jones, 1970; G~e~~nge~ and G~e~~nge~, 1978, 1979, 
1986; S~kho~ko~, 19921, most of which require an 

- * exponentially varying ionospheric conductivity. An 
ELF propagation impulse response calculated with 
any of these other methods can be used with the 
deconvolution method described in section 3.1 to ex- 
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tract a lightning current moment waveform. How- 
‘ever, the LWPC-based propagation model that we 
use is perhaps the most general, allowing for a com- 
pletely arbitrary and more realistic ionosphere. 

2. ELF Sferic Modeling 
As mentioned in section 1, we wish to calculate the 

ELF electric and magnetic fields radiated by an arbi- 
trary vertical lightning current waveform. Although 
the detailed dynamics of a lightning return stroke 
are complicated [ Tho~~u~~~ll~l et at., 19971, we can 
treat the discharge channel as an electrically short 
antenna having a time-varying current that is con- 
stant along the channel length. This approximation 
is valid because we restrict our analysis to frequencies 
f < 1.5 kHz where the wavelength (X > 200 km) is 
much longer than the typical channel length (I < 10 
km) and because the radiated fields are nearly in- 
dependent of source altitude for propagation in the 
QTEM mode [ C~rnrne~ et al., 1998331 for altitudes 
below the ionosphere. Thus the radiation source is 
the current moment waveform mi (t> = ii(t), where 
1 is the lightning current length and i(t) is the cur- 
rent waveform. Because this propagation problem is 
linear and time invariant, the fields are related to an 
arbitrary current waveform by a simple convolution 
operation [Bracewell, 1986, p. 241, and it is sufficient 
to consider the fields produced by an impulsive cur- 
rent, which we refer to as the propagation, impulse 
response. This impulse response is equivalently the 
Green’s function for fields from an impulsive source 
for a specific and known source-receiver distance. 

ter the measured sferics after observation to &pose 
a different frequency response, provided that the re- 
ceiver response is flat at the frequencies where such 
postfiltering is applied. The frequency response of 
the receiver used in this work is flat to below 1 Hz 
[Fraser-Smith and Hell~~ell, 19851, and we impose 
a single-pole, 30 Hz high-pass filter to the observed 
and modeled sferics and spectra presented here. As 
discussed in section 3.2, this low frequency response 
can play a role in the detectability of slowly vary- 
ing currents, so that we must keep the lower cutoff 
as low as possible, but not so low that the so-called 
Schumann resonances [Nickoluenko, 19971 contribute 
significantly to the observed signal. We also must ap- 
ply a low-pass filter to the observed sferics in order 
to remove the QTM and QTE portions of the signal 
(which, as discussed in section 1, are only significant 
for f > 1.5 kHz), and we must apply the same filter 
to the modeled ELF impulse response for accurate 
comparison of modeled and measured sferics. This 
filter, which we implement as a thirtieth-order digi- 
tal finite impulse response (FIR) filter with a -3 dB 
cutoff frequency of 1 kHz, is applied to all the wave- 
forms and spectra in this work. 

2.1. Frequency Domain Modeling 

Propagation in a horizontally homogeneous wave- 
guide like that considered here can be modeled ef- 
ficiently by Fourier transform methods, from which 
a time domain waveform can be computed as the 
inverse Fourier transform of the frequency domain 
solution. This is the solution method we use in this 
work. When inhomogeneities are expected to play a 
major role, direct time domain (finite difference or 
finite element) methods become more useful. 

‘The shape of an ELF waveform is strongly con- 
trolled by the bandwidth of the receiver with which 
it is observed. Consequently, we must apply the effec- 
tive receiver filters to any modeled ELF waveform or 
impulse response so that it is directly comparable to 

As the basis of our broadband ELF sferic prop- 
agation model, we use the single-frequency LWPC 
ELF-VLF propagation model [Papl?e~~ and Fergu- 
son, 19s~]. This general model allows for arbitrary 
orientation of the ambient magnetic field, arbitrary 
homogeneous ground permittivity and conductivity, 
and arbitrary altitude profiles of ionospheric electron 
and ion density. For ELF propagation, LWPC solves 
the time harmonic (i.e., single frequency) propaga- 
tion problem using mode theory [Budden, 19611, in 
which the fields at a distance from the source are pro- 
,duced by the QTEM waveguide mode. This mode, 
which is analogous to the TEM mode of a perfectly 
conducting parallel plate waveguide, is composed pri- 
marily of a horizontal magnetic field perpendicular to 
the propagation direction and a vertical electric field. 
For example, the transverse horizontal magnetic field 
B, at a distance II: along the ground from a vertical 
electric dipole source as a function of frequency is . 

the observed ELF sferics. Such filtering ensures that ** -l/2 

the modeled ELF impulse response is the impulse B,(w) = -Pok 
rebponse of the entire system, including propagation 7r 
and receiver effects. It is also possible to digitally fil- 

l - 

( > 

-l/2 

2 
ein/4 At(w) A,(u) e-ikxsin8(w), (1) 
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where wavenumber k is given by k = 27r/w, Me(w) is 
the vertical electric dipole moment of the source (and 
is related to the source current moment by A&(w) = 
-~~~(~)/~, where ~~ is the source current mo- 
ment amplitude) and the term [RE sin (~/RE)]-“~ 
accounts for the spreading of the fields over a spheri- 
cal Earth of radius RE (note that this term is equiv- 
alent to x-ri2 over short distances). The index of 
refraction of the QTEM mode is given by the sine 
of the corresponding eigenangle 8. The excitation 
and receiver factors At and A, quantify the cou- 
pling between the transmitting and receiving anten- 
nas and the fields of the waveguide mode. These 
terms also contain the altitude dependence of the 
fields, but since all sources and receivers are as- 
sumed to be at ground altitude, their altitude de- 
pendence is omitted. The terms 8, At, and A, are 
functions of frequency and depend on the specified 

0 ionospheric electron density and collision frequency 
profiles. They are all calculated numerically in the 
propagation code. The reader is referred to P~~~e~ 
and Fe~g~so~ [1986, and references therein] for fur- 
ther details concerning this model. 

To calculate the fields from a broadband source, 
one simply needs to calculate By(w) over the range 
of frequencies significant to the problem at hand 
( in our case, 40-2000 Hz). Figure 1 shows rep- 
resentative nighttime and daytime electron density 
(Ne) altitude profiles, and Figure 2 shows the ELF 
sferic amplitude spectra calculated with this model 
for these two profiles. The profiles are representative 
midlatitude local midnight and midday profiles cal- 
culated with the 1995 International Reference Iono- 

80 
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Figure 1. Representative daytime and nighttime 
ionospheric electron density profiles from the 1995 
International Reference Ionosphere model. 
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Figure 2. Calculated ELF sferic spectra for prop- 
agation distances of 1000, 2000, and 3000 km under 
nighttime and daytime ionospheres. The source is an 
impulsive discharge with a charge moment change of 
10 Ckm 

sphere [Rawer et ai., 19781. The positive ion density, 
which plays a significant role in nighttime ELF prop- 
agation, is taken to be equal to the electron density 
except where Ne < 100 cmm3, at which altitudes the 
positive and negative ion densities are both set to 
100 cm- 3. The spectra in Figure 2 are the ampli- 
tude of the transverse horizontal magnetic field B, 
as a function of frequency observed at x = 1000, 
2000, and 3000 km from the source discharge. The 
source current for each is an impulse with a total 
charge moment change of 10 C km. The peaks in 
the nighttime spectral amplitudes are a consequence 
of the realistic nighttime ionosphere; if the E region 
valley between 100 and 150 km is filled (as it is for 
the daytime profile), these peaks disappear. Sim- 
ilar resonance effects have been seen in theoretical 
studies of ELF propagation in the presence of nar- 
row sporadic E’layers [Bum; 19771, indicating that 
electron densities at these fairly high altitudes can 
strongly influence ELF propagation. The daytime 

l 

ionosphere is much simpler, and under these con- 
ditions, approximate analytic formulations of ELF 
propagation with exponentially varying ionospheric 
conductivity [e.g., G~e~~~ge~ and G~e~~~ge~, 1978; 
S~k~o~ko~, 19921 provide results similar to those of 
the full wave LWPC model. 
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2.2. Calculating a Time Domain Waveform 

The complex sferic spectrum which results from 
our frequency domain calculation (e.g., Figure 2) is 
the Fourier transform of the sferic waveform and thus 
can be converted to a time domain waveform with an 
inverse Fourier transform operation. However, since 
we have only a sampled version of the continuous 
sferic spectrum F(w) for positive w, we must approx- 
imate the inverse Fourier transform, and we can do so 
using a method based on the fast Fourier transform 
(FFT). 

The continuous time domain waveform f(t) is de- 
fined by the inverse Fourier transform, namely, 
f(t) = & s-“,” F(w) exp (~~t)d~. Taking advan- 

1 tage of the fact that f(t) must be causal and there- 
fore F(w) must have Hermitian symmetry [ ~~uce~eZ~, 
1986, p. 161, we can approximate f(t) by 

F(t) = Re % y F(rn~~) exp (Ernest) , (2) 
m=O 1 

where Aw is the difference between frequency sam- 
ples and N is the number of samples of F(w) al- 
culated through (1). Using the standard definition 
of the inverse FFT of IFFT(X) = xn = & Czzi 
Xm exp (~2~rn~/N), a sampled version of f(t) can 
be written as 

f @At) s2j y Re {IFFT [F (maw)]}, (3) 

where At = &. In practice, Aw = 2~5 Hz is suffi- 
ciently small to capture the finer spectral variations, 
and. since the signal is essentially zero for frequencies 
greater than 2 kHz, a waveform sampling period of 
At = 10B4 s meets the Nyquist criterion and results 
in a relatively smooth waveform. Together, these val- 
ues require N = 2000, which corresponds to a max- 
imum calculated frequency of wmax = 2n q 10 kHz. 
Since, as we mentioned, 1 F(w) 1 sa 0 for f > 2 kHz, 
F(w) need only be calculated up to 2 kHz and can be 
subsequently zero-padded to meet this requirement. 
The 1 kHz low-pass filtering described in section 2, 
which is applied to eliminate any contributions to the 
signal from the QTM and QTE modes, ensures that 
IF(w)1 R 0 for f > 2 kHz. 

Figure 3 shows the calculated B, waveforms for 
the three propagation distances and two ionospheres 
for which the spectra were shown in Figure 2. These 
waveforms were filtered with the previously described 
high- and low-pass filters. 
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Figure 3. Calculated ELF B, waveforms for prop- 
agation distances of 1000, 2000, and 3000 km under 
nighttime and daytime ionospheres. The source is an 
impulsive discharge with a charge moment change of 
10 C km 

3. Extracting the Source Current 
The linearity and time invariance (on the millisec- 

ond timescales of individual sferics) of the propaga- 
tion problem means that the relationship between 
the sferic waveform, current moment waveform, and . 
propagation impulse response is a simple convolu- 
tion, so that 

f(t) / 
00 

- - rni(T) h(t - r) dq 
-00 

(4) 

where h(t) is the propagation impulse response, ma(t) 
is the source current moment, and f(t) is the ob- 
served electric or magnetic field waveform. Suppose 
that we have observed a given sferic for which we 
know the propagation distance from discharge to re- 
ceiver and can therefore model the ELF propagation 
impulse response h(t). We can extract’ the source 
current moment by solving the inverse convolution 
(or deconvolution) problem. However, unlike convo- 
lution, deconvolution is not a straightforward opera- 
tion because of the nonunique nature of the problem. 
In our case, convolution is very similar to a low-pass 

- ’ filtering operation and therefore removes information 
contained in the higher frequencies of rni (t). This 
lost information cannot be recovered, and therefore 



there are many waveforms mi(t) that satisfy the for- 
ward convolution problem almost equally well. 

There are a number of deconvolution techniques 
which handle this nonuniqueness as well as other 
requirements on our solution (such as positivity of 
rni (t)), many of which come from the related two- 
dimensional problem of image reconstruction [Brace- 
~e~Z, 1995, p. 4531. One technique which we have 
used successfully in the past is CLEAN [Segalovitz: 
aid cedes, 19781, but linear regularization has 
proved to be a better method for our needs. 

3.1, Linear Regularization 

Since Press et ccl. [1992, p. 7991 give a good discus- 
sion of the general technique of linear regularization, 
we only briefly summarize the method here. The 
convolution in (4) can be approximated in discrete 
form by the matrix equation f = Ai, where f and i 
are column vectors of length m and n containing the 
samples of f(t) and rni (t), respectively, and where 
A is an m x 12 matrix with columns containing sam- 
ples of h(t) (h) shifted by one sample relative to each 
other. In our problem, A and f are known, and we 
wish to find i. Since, in general, m # rz, an appropri- 
ate i is a least squares solution which minimizes the 
functional I Ai - 2 f I . However, it is essentially impos- 
sible to find a reasonable i directly by this method 
because of the ill-conditioned nature of this problem. 

The central idea of linear regularization is to add 
an additional term to the least squares functional 
which enforces smoothness on the solution i, which 
often leads to a well-conditioned problem. There are 
a number of slightly different techniques for doing 
this, and the one we have found to work well in our 
application is to add to the functional we wish to 
minimize a factor proportional to the energy of the 
first difference of the signal energy, namely, 

IAj. - f12 + ~~ lBi12 , 
2 

(5) 

where B is as defined by Press et al. [1992, p. 800, 
equation 18.5.11. This specific smoothing functional 
serves to minimize the difference of the solution i 
from a constant. The llhll2/llf)l2 term is a normaliz- 
ing factor so that X = 1 is a reasonable choice. The 
left-hand term of (5) enforces correctness (in the con- 
text of deconvolution) on the solution i, while the 
right-hand term enforces smoothness by minimizing 
the deviation of i from a constant. The factor X 
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controls the trade-off between these two competing 
solution requirements. 

The normal equations for minimizing this func- 
tional are given by 

ATA + X- II’II~BTB i - ATf - 
II f II 

l 

2 
(6) 

Because the .matrix (ATA + ,~BTB) is well 

conditioned, (6) can be solved for i using the usual 
techniques for the solution of a linear set of equa- 
tions, such as LU decomposition or iterative methods 
like the conjugate gradient method. 

To be physically reasonable, our solution i must 
be causal; that is, the current must be zero before 
the sferic starts, and it also must be strictly positive 
(because the vertical current in a single lightning dis- 
charge does not change direction). The direct solu- 
tion of (6) does not guarantee either of these; thus 
they must be enforced through another technique. 
One technique that accomplishes this is the method 
of projections onto convex sets (POCS) [Press et al., 
1992, p. 8041, which we implement in our solution to 
enforce causality and nonnegativity in our solution. 

We do not believe that our use of linear regu- 
larization introduces any systematic biases in the 
extraction of a source current. Our choice of the 
deviation from a constant for a regularizing func- 
tional preferentially selects constant, positive cur- 
rents and thus could lead to an overestimation of the 
total charge moment change. However, comparisons 
with a minimum total energy regularizing functional 
(which minimizes the total charge moment change 
and thus could lead to a systematic underestimation 
of the total charge moment change) show very little 
difference between these two techniques. 

3.2. Testing the Deconvolution Method 

We now test the linear regularization technique de- 
scribed. in section 3.1 on a model ELF propagation 
problem. We assume a 2000 km propagation dis- 
tance under the nighttime ionosphere shown in Fig- 
ure 1. Figure 3 shows the calculated propagation 
impulse response for this scenario. Figure 4a shows 
the modeled sferic wkveform calculated via convolu- 
tion of this impulse response with the model source 
current moment waveform shown in Figure 4b. Fil- 

**tered Gaussian noise with an amplitude of ~0.01 nT 
and frequency content up to ~500 Hz (this is an ap- 
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a. .- . * I a . * . 

time (ms) 

Figure 4. A test of the deconvolution method. (a) 
The noisy modeled sferic and the extracted sferic 
formed by the convolution of the propagation im- 
pulse response in Figure 3 and the extracted current 
moment. (b) The actual and extracted current mo- 
ment waveforms. 

proximation of the ELF noise which remains after re- 
moving most of the power line noise) has been added 
to this modeled sferic to simulate an actual obser- 
vation This sferic has also been filtered with the 
low-pass filter previously described in section 2. 

Figure 4b compares the actual current moment 
waveform and charge moment change with those ex- 
tracted from the noisy sferic (with X=0.1). This de- 
convolution technique is clearly robust in the pres- 
ence of noise, as the extracted current waveform is 
quite close to the model source current. The fact 
that the extracted current is unable to match the fast ! 
rise of the actual current is due to the limited band- 
width of the sferic used to extract the current. When 
combined with causality enforcement, the bandwidth 
limitation leads to a small reduction in the extracted 
charge transfer. Also, there is a significant deviation 
-in the extracted ch-mge moment change from the ac- 
tual charge moment change beginning 40 ms after 
the discharge onset, which is due to the fact that the 
additive noise begins to dominate the signal at this 
time. This deviation highlights the general fact that 
this method (and any method, for that matter) has 
problems when the signal to noise ratio (SNR) is low. 

Because the sferic amplitude generally decays with 
time, this fact prohibits extracting accurate source 
currents beyond some time after sferic onset. This 
time is generally later for larger sferic amplitudes 
(therefore with better SNR) and for lower low fre- 
quency receiver cutoff frequencies (thereby providing 
more signal at the lowest frequencies). 

4. Application to an Observed Sferic 
We now demonstrate the application of this tech- 

nique to an actual observed sferic. The unfiltered 
magnetic field waveform shown in Figure 5a was re- 
ceived at Stanford University on July 24, 1996, at 
0531:30.109 UT. The quasi-periodic power line noise 
has been removed by subtracting a noise-only sig- 
nal period from the sferic plus noise period of inter- 
est. The propagation distance was 1888 km as mea- 
sured by the National Lightning Detection Network 
(NLDN) [ C~rnrn~~~ et al., 19981. This particular dis- 
charge was associated with a large sprite recorded 
on video at the Yucca Ridge Field Station [Lyons, 
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Figure 5. An application of the overall current mea- 
surement technique. (a) An observed ELF sferic. (b) 
The modeled ELF propagation impulse response for 
a source-receiver distance of 1888 km. (c) The charge 
moment waveform and cumulative charge moment 
change extracted from the observed sferic. 
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19961. Since this discharge occurred at night, we 
employ in our model a nighttime ionosphere simi- 
lar to that shown in Figure 1, and our ELF sferic 
model produces the magnetic field impulse response 
shown in Figure 5b. Applying the linear regular- 
ization deconvolution technique with X = 0.1 yields 
the source current moment waveform and charge mo- 
ment change shown in Figure 5~. The precision of 
this measurement can be demonstrated by a com- 
parison between the filtered observed sferic and the 
reconstructed sferic formed by the convolution of this 
source current and the modeled impulse response. 
Graphically, these two waveforms are nearly indistin- 
guishable, and their agreement can be quantified by 
the norm of the difference of the observed sferic (so) 
and reconstructed sferic (s7’) divided by the norm of 
so. Calculating this for the first 20 ms of the sferics, 
we find that 11~~ - sol12/11sol12 = 0.020, indicating 
that the mean deviation between the two waveforms 
is ~2%. 

We should reemphasize that this deduced current 
moment is, in effect, a low-pass filtered version of the 
actual source current because of the bandwidth limi- 
tation of the observed sferics used in the calculation. 
Thus the measured current risetimes and peak cur- 
rents are likely slower and lower, respectively, than 
in the actual lightning current. However, the cumu- 
lative charge moment change is measured accurately 
because of the smoothing nature of the integration 
required to calculate it. This feature makes the tech- 
nique described here very powerful for remotely mea- 
suring charge moment changes. 

There are a number of potential error sources in 
making a measurement of source current from ob- 
served ELF sferics. This technique requires an abso- 
lute calibration of the ELF receiver, and the Stanford 
receiver used in this work has a calibration error of 
~5%. Because we do not know the state of the iono- 
sphere all along the propagation path, there is al- 
ways some difference between the modeled impulse 
response we use and the actual propagation impulse 
response. We have assessed this error by applying 
the technique to a single sferic with a range of rea- 
sonable ionospheric profiles, which indicates a -5% 
variability in the extracted charge moment magni- 
tudes. As discussed in section 3.2, the error most 
difficult to quantify is that associated with the sig- 
nal noise. This error can be significant, especially at 
later times when the current varies slowly, and one 
must be careful not to place too much significance 
on currents extracted at times when the SNR is low. 

5, Summary and Conclusions 
We have presented a technique by which lightning 

currents can be measured remotely from ELF ob- 
servations of the radiated electric or magnetic field 
waveforms. This new technique has two components. 
The first is an accurate model of the propagation 
of the ELF energy from source to receiver which is 
used to invert the measurements. We developed such 
a broadband ELF propagation model based on the 
general, single-frequency LWPC ELF-VLF propaga- 
tion model, in which we assume a horizontally ho- 
mogeneous ionosphere. The second component is the 
deconvolution technique by which ‘the source current 
moment can be extracted from the observed ELF 
sferic and the modeled ELF impulse response. We 
found linear regularization to be a useful deconvo- 
lution method for this problem, and we showed that 
the overall technique is robust in the presence of noise 
and demonstrated the application of this technique 
to extract the source current moment from observed 
sferics. 

Because sferics propagate in the low-loss wave- 
guide formed by the Earth and ionosphere and can 
therefore be observed very long distances from the 
source lightning (as far as around the world in the 
case of high-amplitude sferics), the technique de- 
scribed here represents a powerful method by which 
lightning currents can be measured over a large ge- 
ographic area with a single receiver. Because the 
sferic frequencies used in this technique are limited 
to less than 4.5 kHz, the extracted source cur- 
rents can be considered low-pass-filtered versions of 
the actual lightning current. While this fact effec- 
tively limits the measurable risetime of the source 
current and tends to reduce the measured peak cur- 
rents, it does not limit the measurability of the total 
charge transfer in the discharge. For this reason this 
ELF technique has proved very useful in measuring 
lightning currents and charge transfers on millisec- 
ond timescales, such as those associated with sprites 
[ C~rnrne~ et al., 1998b]. ‘. . 
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