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[1] Data from the largest electric field change (>140 V/m)
above 30 km ever published, correlated with two positive
cloud-to-ground (+CG) strokes, are compared with an axi-
symmetric quasi-electrostatic field (QSF) model developed
by the authors and based on the model of Pasko et al.
(1997a). Using the best fit parameters of this comparison,
the electric field change everywhere in the stratosphere and
mesosphere is predicted and compared to various electrical
breakdown thresholds needed for the initiation and/or
growth of sprites. Citation: Thomas, J. N., R. H. Holzworth,

M. P. McCarthy, and O. Pinto Jr. (2005), Predicting lightning-

driven quasi-electrostatic fields at sprite altitudes using in situ

measurements and a numerical model, Geophys. Res. Lett., 32,

L10809, doi:10.1029/2005GL022693.

1. Introduction

[2] Since the first image of sprites was recorded in
1989 [Franz et al., 1990], there have been numerous
experimental and theoretical studies which have attempted
to determine the underlying physics of the phenomena.
The first experimental studies focused on optical imaging
[Sentman et al., 1995; Lyons, 1994] and the classification
of the visual characteristics of sprites. Latter studies
involving the meteorology of sprite producing storms
determined that sprites were correlated with positive
cloud-to-ground (+CG) lightning and most often occurred
during large scale storms known as mesoscale convective
systems (MCS) or complexes (MCC) [Lyons, 1996]. The
more recent studies have explored the electric and mag-
netic fields associated with sprites and their parent light-
ning discharges [Cummer et al., 1998; Bering et al., 2002;
Sato et al., 2003]. This had been accomplished primarily
by ground based RF measurements (ULF to VLF) of the
waveforms of the sprite-parent strokes, and occasionally
the sprites themselves [Cummer et al., 1998; Sato et al.,
2003]. The first in situ campaign that attempted to
measure the electric and magnetic fields in the strato-
sphere above sprite producing thunderstorms failed to
make measurements in the near field region of sprites or
lightning [Bering et al., 2002], although, electric and
magnetic field changes correlated with sprites and sprite-
parent lightning were measured at distances greater than
300 km.

[3] Models have been developed to try to explain
the mechanism for sprite production [Roussel-Dupre and
Gurevich, 1996; Pasko et al., 1997a; Lehtinen et al.,
1997; Rowland, 1998]. A well accepted model involves
a quasi-static field that forms after a large positive cloud-
to-ground stroke [Pasko et al., 1997a], which if large
enough, can cause electrical breakdown in the atmosphere.
However, before this study, these models had only been
directly compared to electric fields measured below about
16 km in altitude above +CG producing storms [Marshall
et al., 1996]. In this paper, a +CG driven electric field
change is simulated using a numerical QSF model and
compared with the measured in situ field change in the
stratosphere. Then, input parameters that best fit the data
are used to predict the quasi-electrostatic field at sprite
altitudes.

2. Data Set

[4] The data used in this study are in situ balloon
measurements of electric fields (dc to VLF) and atmospheric
conductivity from the Brazil Sprite Campaign 2002–
2003 [Thomas et al., 2004; Holzworth et al., 2005], along
with the ground based Brazilian Integrated Lightning
Network (BIN) [Holzworth et al., 2005, Figure 1] and
remote ELF magnetic field measurements courtesy of
M. Sato and Tohoku University [Sato et al., 2003]. These
in situ electric fields were determined using the double
Langmuir probe technique, which measured the voltage
difference between pairs of conductors isolated via high
input impedance operational amplifiers [Thomas et al.,
2004]. Two balloon payloads each equipped with these
electric field sensors flew over or near intense thunder-
storm activity in the southeast of Brazil on Dec. 6–7,
2002 and March 6–7, 2003. In addition to determining the
electric field, one pair of Langmuir probes measured the
conductivity of the atmosphere every 10 min. [Holzworth
et al., 2005, Figure 4] using the relaxation technique
[Holzworth and Bering, 1998]. Unfortunately, the view
of the aircraft based imaging cameras was blocked by
clouds, so sprites could not be observed during the balloon
flights. However, sprites were imaged at other times
during the campaign when there were no balloon flights
[Pinto et al., 2004].

3. Model Formulation

[5] The numerical QSF model developed for this study
uses an axi-symmetric cylindrical coordinate system
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centered about the lightning stroke and is based on the
model of Pasko et al. [1997a]. The model uses a one km
resolution 2-d grid, with altitude Z = 0–90 km and radial
distance R = 0–60 km, to simulate the lightning-driven
electric field pulse in the 3-d space encompassed by this
90 km � 120 km cylinder. This model assumes that the
CG stroke removes charge from the cloud without any
orientation (vertical or horizontal) of the lightning current
identified, with the coordinate system origin (R = 0, Z = 0)
at the location of the detected ground stroke. Moreover,
only the electric field change due to lightning events is
realistically modeled, not the background electric field
before and after the lightning events, which involves
complicated cloud charging/discharging mechanisms
[Rakov and Uman, 2003, chap. 3].
[6] The cloud is charged with a characteristic charging

time tc (0.5 s for the case study in section 4) to a charge
density of rc = r+ + r� where r+ and r� are each Gaussian
distributions (in both the Z and R coordinates) of positive
and negative charge layers normalized to ±Q0 (total
positive or negative charge). Charge is removed from
the positive layer (+CG) or negative layer (�CG) with time
td to simulate the lightning stroke. At each time step the
background charge density rb (which is initialized as rb = 0)
and the cloud charge density rc are used to solve for the
electric field E

*
using the Poisson equation

5 � E
*
¼ rb þ rcð Þ

�0
ð1Þ

with Z = 0, 90 km and R = 60 km assumed to be perfect
conductors. The background charge density is evolved in
time due the non-zero, altitude dependent atmospheric
conductivity s (the sum of ion and electron contributions to
conductivity) and electric field E (solved in (1)) by a
modified continuity equation [Pasko et al., 1997a]

@rb
@t

þ5s � E
*
þ rbs

�0
¼ 0 ð2Þ

where �0 the permittivity of free space.
[7] The atmospheric conductivity below 60 km in altitude

is dominated by ions [Volland, 1984, chap. 2] and increases
exponentially (si = si0e

z/h) with altitude z and scale heights
of h = 8 and 11.1 km (below and above 40 km respectively)
as measured by balloon- and rocket-borne instruments in the
middle atmosphere [Holzworth et al., 1985]. This ion
conductivity profile is confined to fit the in situ data
measured during Sprite Flight 1 to solve for si0. Above
60 km the electron conductivity dominates, and is deter-
mined by se = eNeme where e is the electron charge, Ne is the
electron density, and me is the electron mobility. The
electron density profile increases exponentially with a scale
height of 3 km with Ne(60 km) = 5 � 103 m�3 which is
similar to the electron density profile model employed by
Pasko and Inan [1994, Figure 4, profile 1]. The electron
mobility is dependent on the neutral atmospheric density N
(given by the MSIS-E-90 model (http://nssdc.gsfc.nasa.gov/
space/model/models/msis.html) for the exact location and
time of measurements) and the electric field due to the
lightning discharge E, and it is solved for self-consistently
using an empirical fit [Pasko et al., 1997a] to experimental

data [Davies, 1983; Hegerberg and Reid, 1980] through the
form

me ¼ 1:36N0=N ; for EN0=N < 1:62� 103V=m ð3Þ

me ¼ 10

P2

i¼0

aix
i

=N ; for EN0=N 	 1:62� 103V=m

where x = log(E/N), a0 = 50.970, a1 = 3.0260, a2 =
8.4733 � 10�2, and N0 = 2.4901 � 1025 m�3 is the
neutral density at sea level. Hence, (3) shows that when
the effective electric field (EN0/N) is greater than 1.62 �
103 V/m, the electrons are heated by the electric field
thus lowering the electron mobility. When the effective
electric field is below this heating threshold, the electron
conductivity employed in this study agrees relatively well
with rocket measurements of mesospheric electron con-
ductivity [Hale et al., 1981].

4. Case Study

[8] This case study compares the QSF model to a +CG
event that was measured by the Sprite Flight 1 electric field
sensor at an altitude of 34 km. This +CG event is comprised
of two +CG strokes that occurred at 
00:00:09 UT Dec. 7,
2002 
140 ms apart at a horizontal distance of 
34 km
from the balloon payload. These +CG strokes had estimated
peak currents of +15 kA and +53 kA, as determined by BIN,
with a total combined charge moment of 329–1683 C-km
estimated (using both the fitting and impulse methods) from
remote ELF measurements in Antarctica and Japan [Sato et
al., 2003].
[9] Figure 1 one shows the comparison between the

model output at R = 34 km and Z = 34 km and in situ data
for this +CG event, composed of two +CG strokes at 0.50 s
and 0.64 s, for both the vertical (Figure 1 (top)) and radial
(Figure 1 (bottom)) electric fields. Note that the time
interval 0.0–0.5 s is the artificial cloud charging time tc
for the QSF model. In this coordinate system, a negative
vertical electric field represents a field vector pointing
towards the ground. The dc (<25 Hz) electric field data
are shown in Figure 1. The dc and ac (not shown) electric
field data for this event had similar rise times which
confirms that the dc instrument properly measured the initial
rise of the field.
[10] The model parameters that best fit model to data for

this event (comprised of two +CG strokes) within ±10% are:
total charge moment of 479 ± 50 C-km (152 C-km for the
first +CG stroke and 327 C-km for the second +CG stroke),
discharge times of 100 ms for the first +CG stroke and 8 ms
for the second +CG stroke, charge layer diameter of 59 ±
17 km (same for positive and negative layer), charge layer
thickness of 1.4 ± 0.5 km (for the positive and negative
layers separately), positive charge layer altitude of 6 km,
negative charge layer altitude of 4 km, and atmospheric
conductivity as defined in section 3 with ion conductivity
constants of si0 = 9 � 10�14 (Wm)�1 and 3.4 �
10�13(Wm)�1 (below and above 40 km respectively) to
match with the ion conductivity measured by Sprite Flight
1 (6 � 10�12 (Wm)�1 average total conductivity for the
12 hr flight [see Holzworth et al., 2005, Figure 4]). The
model and data agree well for the rise and initial decay of
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the electric field change (0.5–1.5 s), thus showing that a
QSF approach is effective in modeling lightning driven
electric fields. However, since the complex cloud charg-
ing/discharging processes not related to the +CG event are
not included in this model, the electric field before the
first +CG stroke (which occurs at 0.5 s) and well after the
two discharges (1.5 s) are less well correlated.
[11] These best fit parameters are now used to predict the

lightning-driven electric field perturbation at higher alti-
tudes where sprite initiation and/or growth can occur.
Figure 2 shows the QSF model output for the vertical
electric field driven by two +CG strokes at 500 ms and
640 ms at R = 0 km, Z = 50, 60, 70, 80 km using these
parameters. In Figure 3, the vertical electric field magnitude
vs. altitude is shown at three instants in time (1 ms before
the first +CG stroke, 1 ms after the second +CG stroke, and
350 ms after the second +CG stroke) and compared to the
various electric breakdown thresholds. The electric field is
maximum just after the second +CG stroke (pointing
downward) but never surpasses the conventional breakdown
threshold Ek. The vertical electric field does surpass the
positive streamer breakdown threshold Ecr

+ for Z = 66–
82 km and the relativistic breakdown threshold Et for Z =

58–83 km, and the field approaches the negative streamer
breakdown threshold Ecr

� at Z = 77 km (to within 94%).
Note that due to the 1 km grid spacing employed in the
model, the electric field in the cloud (altitude <8 km) is
not well resolved. At 1 ms before the first +CG stroke,
the field should be zero at two altitudes in the cloud, at
3–4 km and again at 6–7 km in Figure 3. Since this QSF
model does not attempt to accurately model in-cloud fields,
this lack of resolution has no effect on this analysis.

5. Discussion and Conclusions

[12] For the first time, lightning-driven electric field
changes measured in situ above 30 km have been compared
directly to a numerical QSF model. The agreement between
model and data for the rise and initial decay of the vertical
and radial electric field perturbations suggests that the QSF
approach is valid for modelling lightning driven fields. The
large diameter (59 km) and thin (1.4 km), low altitude
(6 km for the positive layer and 4 km for the negative
layer) charge layers agree with previous studies involving
large charge moment +CG events which are usually
associated with MCC/MCS storms [Marshall et al.,
1996; Williams, 1998]. The storm that generated the
+CG in this case study had an area of 5000–10000 km2

(estimated from GOES satellite IR images), which is at the
lower limit for MCS storm size. The positive and negative
charge layers employed in the QSF model had an area of
about 2700 km2, about 25–50% of the total storm area.
[13] Although sprites were not confirmed for the +CG

event in this case study, the implications of the predicted
electric fields in the mesosphere can be examined. The
relaxation time of the mesospheric electric field change is
predicted to be at least as long as the duration of a typical
sprite event (t = 69 ms at Z = 70 km) allowing for sufficient
time for sprite initiation and/or growth. Yet, since the
electric field after the +CG event never surpasses the
conventional breakdown threshold Ek, sprite initiation

Figure 1. Comparison between model (grey line) at R =
34 km and Z = 34 km and data (black points) for two +CG
strokes at 0.50 s and 0.64 s. (top) Vertical electric field.
(bottom) Radial electric field.

Figure 2. Model prediction of the vertical electric field
driven by two +CG strokes at 500 ms and 640 ms at four
different mesospheric altitudes (Z = 80, 70, 60, and 50 km,
R = 0 km) using best fit parameters to the measured electric
field change at Z = 34 km, R = 34 km.

Figure 3. Model prediction of the vertical electric field
magnitude vs. altitude at R = 0 km using best fit parameters
to the measured electric field change at Z = 34 km, R =
34 km. The vertical electric field magnitude at three instants
in time (1 ms before the first +CG stroke, 1 ms after the
second +CG stroke, and 350 ms after the second +CG
stroke) is compared to the various breakdown thresholds
(Ek [Raizer, 1991], Ecr

� [Babaeva and Naidis, 1997], Ecr
+

[Allen and Ghaffar, 1995], Et [Marshall et al., 1995]).
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would not occur for this model prediction. Although the
relativistic threshold Et is surpassed above 58 km in altitude,
optical emissions would not be initiated by an upward
relativistic electron beam since only a few avalanche lengths
(e-foldings of the electron population) would be able to
develop with this high of a starting altitude [Roussel-Dupre
and Gurevich, 1996, Figure 10]. However, if the electric
field was to surpass the conventional threshold Ek at a
typical sprite initiation altitude of about Z = 78 km [Wescott
et al., 2001] due to processes not included in this model,
i.e. gravity waves [Pasko et al., 1997b] or micrometeors
[Wescott et al., 2001], then sprites could readily propagate
downwards from the initiation altitude since the positive
streamer threshold Ecr

+ is surpassed for Z = 66–82 km. Also,
since the negative streamer threshold Ecr

� is nearly surpassed
near Z = 78 km, propagation upward from the initiation
altitude could occur in the region.
[14] The downward direction of the electric field is

determined by the positive polarity of the CG event which
allows the positive streamer to propagate downward to
about Z = 66 km. If instead this was a negative polarity
CG event, the field would point upward and the positive
streamer would propagate upward to about Z = 82 km.
Thus, the positive polarity of the CG event would allow for
sprites, once initiated, to have a much larger vertical extent
(
Z = 66–78 km) compared to a sprite caused by a �CG
(
Z = 78–82 km). This difference in breakdown thresholds
for positive and negative streamer production could partially
explain why sprites are almost exclusively correlated with
positive polarity lightning. Although, for sufficiently large
charge moments, both the positive and negative streamer
thresholds would be surpassed, and thus the direction of
propagation and vertical extent of the sprites would not
depend on the polarity of the parent lightning stroke.
[15] Clearly, future in situ electric field measurements of

confirmed sprite events, used together with a numerical
QSF model, could provide much insight into the physical
mechanisms underlying the initiation and growth of sprites.
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