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ABSTRACT: Loon LLC collected 794 000 h of corona current observations between 15 and ∼20 km above sea level with
time resolution between 1 and 30 min. We are publicly releasing this dataset to enable the research community’s understanding of electrical activity in the stratosphere. We validate the reliability of these measurements by aligning our ﬂight
data with both nearby Geostationary Lightning Mapper (GLM) events and the Convective Diagnostic Oceanic (CDO) indicator. Corona current observations that exceeded the sensor maximum of 10 mA were associated with high GLM optical
ﬂux accumulations along the ﬂight trajectory. Using the CDO indicator as a persistence forecast for future electrical activity
was effective at predicting corona current events, and so we highly recommend this data source for real-time stratospheric
navigation for vehicles sensitive to the harsh electrical environment of the stratosphere.
SIGNIFICANCE STATEMENT: Loon LLC operated a ﬂeet of balloons in the stratosphere, between 15 and 20 km
above sea level. The balloons were instrumented with a sensor that measured the current ﬂowing through a wire dangling from the ﬂight vehicle. The observed currents were caused by the motion of nearby charged particles that are often associated with thunderstorms and lightning activity. In this paper we show that Loon’s sensor registered current at
the same time lightning was recorded near the balloon by other instruments like the Geostationary Lightning Mapper
satellite. This is the ﬁrst dataset of its kind and size, reaching 794 000 ﬂight hours. We are publicly releasing these data
in hopes of aiding scientiﬁc discovery by researchers and to help future stratospheric vehicle operators better understand and plan for the electrical environment.
KEYWORDS: Instrumentation/sensors; Lightning; Stratosphere

1. Introduction
1

Loon LLC was incubated at X with the mission of providing affordable access to basic connectivity around the world
using superpressure balloons ﬁlled with helium to carry communications equipment. A network of balloons, each carrying
the equivalent of a cellular base station, could connect to each
other, and to specialized ground gateway equipment, to provide cellular coverage to users with a standard mobile phone
on the ground. Much of the data presented in this paper were
acquired en route to or over Peru, where Loon provided connectivity to tens of thousands of people after a 2017 ﬂood, and
Kenya, where Loon partnered with Telkom Kenya in its
ﬁrst commercial network deployment. The balloons were
launched from sites near Winnemucca, Nevada, and Ceiba,
Puerto Rico. The superpressure balloons were navigated by
accessing a variety of wind directions at different altitudes by
pumping air in and out of an internal ballonet; see Bellemare
et al. (2020) for a description of the autonomous navigation
algorithm. The project was shut down in 2021, and a large archive of technical information has been published (Alexander
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et al. 2021). Figure 1 shows a photo of one of Loon’s balloons
inﬂated on the ground but with the ballonet completely
deﬂated.
Loon LLC partnered with local mobile network operators
to provide connectivity to mobile devices using a network of
stratospheric superpressure balloons, each covering an area of
hundreds of square kilometers. After observing damage to
ﬂight vehicles under suspected electrical activity, Loon added
a number of sensors to characterize the ﬂight environment in
order to ensure safe operation of Loon’s ﬂight systems. See
chapter 3 of Alexander et al. (2021, 154–167) for Loon’s characterization of electrically induced vehicle damage and a
description of other related sensors deployed to characterize
damaging electrical activity. After initial data collection, we
found that the corona current sensor provided both sensitive
and reliable observations of stratospheric electrical activity.
We are publicly releasing corona current sensor data from
794 000 ﬂight hours on 252 unique ﬂights, a complement to
other weather-related observations previously released by
Loon (Candido 2020) and analyzed by the research community (Friedrich et al. 2017).
Corona current measurements have previously been reported in the literature (Xin and Yuan 2016), including from
the ground to measure total ﬂash rates of storms overhead
(Williams et al. 1989) and using coronasondes to measure the
electrical environment within a thunderstorm (Byrne et al.
1986, 1989). There have been systematic campaigns using aircraft at 15–20 km to measure the electric ﬁeld and conductivity above thunderstorms in order to better understand their
relationship to Wilson currents and the global electrical circuit
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FIG. 1. A photo of a Loon superpressure balloon inﬂated on the
ground (note humans for scale). The internal ballonet (deﬂated in
the photo) is ﬁlled or emptied of air in order to adjust the balloon’s
altitude during ﬂight in order to access navigationally favorable
winds. An illustration of the inﬂated ballonet is shown in Fig. 2.

(Blakeslee et al. 1989). Mach et al. (2009) reported peak electric ﬁelds between 1 and 16 kV m21, notably after removal of
lightning transients. They found that the contribution from
lightning ﬁeld changes to the Wilson current was not signiﬁcant. Moreover, storms with no detectable lightning still had
measurable electric ﬁelds. Finally, some storms in their dataset had opposite polarity from the standard assumption with
upward electric ﬁelds.
Robertson et al. (1942) measured corona currents of
∼100 mA associated with potential gradients of ∼164 kV m21
at elevations between 6000 and 13 500 feet. We expected smaller
electrical ﬁelds in the stratosphere and designed our circuit to
measure a maximum current of 10 mA.
It is our hope that this dataset will be useful for both understanding important physical phenomena, e.g., discharges in
the stratosphere (Siingh et al. 2012), and for designing and operating new stratospheric vehicles.

2. Instrument description
The corona-current detection system consisted of two main
parts: a hanging wire designed to hang well below the lowest
point on our system and attract corona discharge and a lowcurrent measurement circuit that was included on our stormmonitoring PCBA.
The hanging wire consisted of a single, insulated American
Wire Gauge (AWG) 16 wire that hung 3.5 m below our bottom truss deck (where most of the electronics were mounted).
This length placed the bottom of the wire at the lowest point
of the ﬂight vehicle and was therefore the preferred location
of corona discharge. We used a transponder antenna (the
TED 11-17995) to terminate the end of our hanging wire. The
main reason we chose this part was to get a well-deﬁned and
small radius of curvature on the sensor endpoint (the tip of the
TED antenna has a nickel-plated sphere of diameter 5/16 in.
or ∼8 mm). The weight of the antenna also served to stretch
out our wire and make it hang straight.
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FIG. 2. Diagram of the corona current detection system geometry
relative to the ﬂight vehicle.

The electrical height of our vehicle, from balloon apex to
the end of the hanging corona discharge wire, was approximately 15 m (but depended on several factors, including balloon orientation and amount of air in the ballonet). See Fig. 2
for the layout.
The low-current measurement circuit consisted of a sense
resistor (249k Ohms), a low-pass ﬁlter RC (cutoff frequency
of 16 Hz), a unity-gain op amp buffer, and a voltage divider
plus level shifter to map the voltages to a range that was compatible with our microcontroller’s analog to digital converter.
The resulting circuit was able to measure currents on the
hanging wire in the range 210 to 110 mA. See Fig. 3.

3. Dataset description
The dataset described in this section is now publicly available (Reid 2021), and a more detailed documentation of the
data is published along with the raw data. Brieﬂy, balloon
ﬂight paths are characterized by latitude, longitude, and
pressure altitude and measured by onboard GPS and pressure sensors, respectively. Corona current observations are
reported in two separate datasets based on the telemetry
categories “primary” and “secondary” deﬁned below.
The corona current detector measured the corona current
that ﬂowed off the end of a long wire dangled from Loon’s
payload, which was designed to be a focal point for the formation of corona discharge when the balloon is in the presence
of a large, static electric ﬁeld. The circuit records a maximum
current amplitude of 10 mA. Our dataset consists of events
above a threshold of 0.1 mA. This lower threshold was chosen
to be slightly larger than the typical noise and manufacturing
tolerance errors that we saw from this sensor in the absence
of storms or electrical activity. Positive current ﬂows vertically
up (away from Earth’s surface).
Loon received real-time information about each balloon’s
location and internal state through satellite providers while
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FIG. 3. Schematic describing the electrical circuit for the corona current detection system.

the balloon was transiting to or from a service region with
ground stations. To conserve bandwidth, Loon categorized
each quantity of interest (e.g., GPS coordinates, temperature
and pressure sensors) as either “primary” or “secondary”
based on how critical the information was for monitoring the
ﬂight. Since many quantities (e.g., a sensor error state) change
infrequently, to conserve bandwidth primary ﬁelds were reported only when they changed state from the previous report. Secondary ﬁelds were sent if they changed and if there
was space in the message. If more quantities have changed
than there is available space in the message, the reported
quantities alternated based on last reporting time. Therefore,
there was no guarantee on timeliness of delivery for a particular quantity of interest, but a 30-min delay was a typical
worst-case window under typical operation. Primary ﬁelds
were typically received and logged approximately every minute, with secondary ﬁelds every 15–20 min. Various latencies
or interruptions could temporarily increase the spacing between messages. When connected to a ground station (either
directly or through a network of Loon balloons), Loon collected “high-rate telemetry,” for which new telemetry messages
were received even more frequently.
Initially, the data from the corona current detector were reported as “secondary,” and the minimum, maximum, and
mean current were reported for the 30 min prior to the report.
Based on minor inconsistencies in corona current related
quantities reported as “secondary” versus “primary,” we suspect that the time stamp associated with the secondary telemetry message may not be precisely aligned with the edge of
the time window in which the minimum, maximum, and mean
currents are reported, but generally they should be very close.
After an initial analysis of secondary telemetry from
the corona current sensor, we designed a primary ﬁeld
“corona_above_threshold_count” which reported a cumulative count of the number of seconds during which the absolute
value of the corona current was above the 0.1 mA threshold.
This choice provided better time resolution in order to adjust
navigation objectives in real time to reduce the risk of
experiencing damaging electrical activity, but does not retain
amplitude information. The “corona_above_threshold_count”
ﬁeld was only reported after 17 November 2019, so some

events in the secondary dataset do not have corresponding
reports in the primary dataset. The published dataset also contains several additional columns. The quantity “threshold_frac”
estimates the fraction of the time elapsed since the preceding
report for which the corona current amplitude was above the
threshold.
Along with the corona current detector telemetry, the
public dataset contains a “background” telemetry dataset with
one message selected at random for each 5-min interval and
ﬂight. We have aligned the ﬂight telemetry with two lightningrelated indicators that are commercially available in real time
from BCI2: Convection Diagnosis Oceanic (CDO) and CloudTop Height (CTH). These products are used in the airline industry; see Kessinger (2017) for more details. Note that Loon
actively navigated laterally and/or vertically away from regions of electrical activity indicated by CDO $ 2.5 and/or
CTH within 5000 ft (∼1.5 km) of the balloon’s current height,
with a buffer of up to 100 km laterally around stormy regions
and vertically typically reaching at least 60 000 ft (∼18.3 km).
This means that the ﬂight’s 3D position (latitude, longitude,
pressure altitude) cannot be treated as independent of the
value of CDO and CTH storm indicators in the neighborhood
of the ﬂight.
In this paper we also compare our corona current measurements with observations from the Geostationary Lightning
Mapper (GLM). To retain the inherent spatial resolution of
the GLM data (∼10 km), we work directly with GLM level-2
events rather than groups or ﬂashes (which are generated
from clusters of GLM events). See Goodman et al. (2013) for
a detailed description of the level-2 data GLM data products.
Because of the low temporal resolution of our telemetry data,
we have aggregated the raw GLM events to 5-min intervals
on a 0.18 3 0.18 grid before interpolating this “glm event
density” (events per square kilometer per day) onto the background telemetry dataset. We also report the “glm optical
ﬂux” (in watts per square meter), computed on the same grid
as the event density, but instead of counting events, we accumulate the reported optical ﬂux for each event.
2
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The public dataset contains a “background” dataset with
one message selected at random for each 5-min interval and
ﬂight, along with the CDO and CTH from BCI’s real-time
data products (Kessinger 2017) and GLM event density and
optical ﬂux (Goodman et al. 2013) along the ﬂight trajectory.
See dataset documentation for further details on how these
ﬁelds were computed.
Finally, we note that an examination of a small set of high
data rate corona current measurements (one message per second rather than the typical ∼20-min sampling period) demonstrated that the mean current was often dominated by
repeated pulses due to transient streamers, and thus does not
allow us to reliably estimate the current due to semistatic electric ﬁelds above storms at the available telemetry rates. Unfortunately these data were not included when constructing
the ﬁnal dataset. As we discuss in more detail below, we expect the majority of events captured with our sensor to occur
in rapidly changing electrical ﬁelds associated with redistribution of shielding charges after a lightning discharge rather
than the semistatic ﬁelds associated with Wilson current.

4. Results
Table 1 presents our estimates of the conditional probability P(C|X) that Loon measured a corona current above our
0.1-mA threshold (C) when a Loon ﬂight coincided with an
external lightning indicator X. Broadly, Loon corroborates
electrical activity ∼22%–46% of the time, which is surprisingly large given that we expect Loon’s sensitivity to vary with
pressure altitude, due to changes in both the breakdown voltage and typical electric ﬁeld amplitude. We conclude that our
chosen threshold of 0.1 mA is sufﬁciently high so that the vast
majority of observed currents above this threshold are expected to be associated with real atmospheric electric ﬁelds.
However, future stratospheric sensors that reliably detect
lower amplitude currents may provide additional information
about the local electrical environment. We also constrain the
rate of corona current false positives by estimating P(X|C),
the probability that external lightning indicator X will be observed when the corona current exceeds its threshold; we ﬁnd
that for 86% of those events, at least one GLM event has
occurred along the path (within ∼10 km) in the corresponding
30-min window prior to the secondary telemetry report
(i.e., “GLM event density” . 0 at least once in the 30-min
window). Furthermore, this may be an underestimate given
our use of an intermediate grid and matching GLM events to
the ﬂight path only if they mapped to the same pixel. We safely
conclude that the vast majority of corona current measurements above the 0.1-mA threshold indicate real stratospheric
electrical activity. Table 1 also shows good correspondence between corona current detections and CDO $ 2.5 within 25 km.
We suspect that it is slightly less correlated [i.e., lower P(C|X)
and P(X|C)] than GLM because there is a small time lag
(∼5 min) when the CDO map is updated with new lightning
detections. Moreover, the CDO indicator can remain above
the $2.5 operational threshold for 30–60 min after initial lightning detection. Loon actively navigated laterally and/or vertically away from regions within up to 100 km of CDO $ 2.5
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TABLE 1. Estimated probability of various events in the
primary and secondary datasets, where C denotes corona current
above 0.1-mA threshold and X denotes an external
observation expected to be correlated with stratospheric
electrical activity. For the primary (secondary) column,
probabilities are per 5 (30)-min interval. Conditional probabilities
P(C|X) and P(X|C) are estimated using Bayes’s theorem. Note
that the primary dataset covers only a subset of time included in
the secondary dataset, and GLM covers only North and South
America, so the absolute probabilities cannot be directly
compared between columns or row subsets.
Estimated probability

Primary

Secondary

X 5 GLM . 0
P(C)
P(X)
P(C ∩ X)
P(C|X)
P(X|C)

0.0027
0.0061
0.0018
0.29
0.68

0.0081
0.0150
0.0070
0.46
0.86

X 5 cdo25 km $ 2.5
P(C)
P(X)
P(C ∩ X)
P(C|X)
P(X|C)

0.0025
0.0066
0.0015
0.22
0.57

0.0064
0.0102
0.0037
0.36
0.59

and/or large CloudHeight values, using current conditions as
a persistence forecast of electrical activity for the next several
hours. This strategy helped avoid the extremely rare, highintensity electrical events that could damage the ﬂight vehicle.
In Fig. 4 we study the relationship between the maximum
corona current amplitude in a 30-min window and the accumulated optical ﬂux along the ﬂight path in the previous
30 min. We use a 30-min time window because the minimum
and maximum corona current values were “secondary” telemetry quantities, and so may correspond to events any time within
the previous 30 min. For individual corona current reports the
associated distribution of GLM optical ﬂux is very broad; nevertheless our unprecedentedly large dataset allows us to establish a positive correlation between these indicators of electrical
√
activity strength. We ﬁnd GLM optical ﬂux ∼ |I |, where |I|
is the maximum amplitude corona current recorded in the
30-min window. We expect this relationship would tighten if
the corona current reporting frequency were high enough to
match corona current events to individual GLM events or ﬂashes.
In Fig. 5 we show the distribution of measured corona current amplitudes for positive and negative currents. Negative
currents are ∼50% more frequent and have a 3-times-larger
median amplitude. This result is counterintuitive, given that
the expected Wilson current is positive. However, a close examination of Fig. 3 of Blakeslee et al. (1989) shows occurrences
of a rapidly changing (negative) electric ﬁeld, which they associate with lightning discharges and associated shielding charge
redistribution. We expect these events are responsible for the
majority of our (negative) corona current events. Therefore,
while our corona current detection system was not able to measure semistatic electric ﬁelds over storm clouds, it was effective
at detecting lightning activity in the balloon’s vicinity.
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FIG. 5. Current distribution for positive (upward; expected Wilson
current direction) and negative currents. Note that the negative current distribution tends toward larger currents, with a 3-times-larger
median amplitude (21 vs 0.34 mA). Moreover, there are 1.4 times
more negative corona current events than positive in the distribution, including 1.5 times reaching the maximum current of 10 mA.

FIG. 4. Relationship between observed corona current amplitude
and maximum GLM optical ﬂux in the 30 min prior to the corona
current report (CCR) (“GLM optical ﬂux”). (top) GLM optical
ﬂux cumulative normalized frequency for three ﬂight data subsets:
all ﬂight data with GLM optical ﬂux . 0 (blue), all secondary telemetry reports with a corona current report above the 0.1-mA
threshold (orange), and all secondary telemetry reports for which
the corona current reached or exceeded the sensor maximum of
10 mA (green). The median GLM optical ﬂux is 5 times (30 times)
larger in the latter subsets compared to the background ﬂight data.
(bottom) The mean, median, and 68% range (blue line) of the
GLM optical ﬂux in 10 bins in corona current, chosen to include
equal numbers of observations in each bin. We naively ﬁt a powerlaw relationship
to both the mean and median and ﬁnd GLM opti√
cal ﬂux ∼ |I |.

Finally, we point out a few other features of this new dataset that may be fruitful for further investigation:
• If we group primary reports into “events,” where the time

stamp spacing is less than 15 min between reports, about
half are isolated (i.e., consist of a single message) and some
last more than an hour.
• Many reports have threshold_frac . 0.8, meaning that corona current above the 0.1-mA threshold was present at
least once per second over several continuous minutes.
• While most of Loon’s ﬂight data are well above the cloud
top, ∼1.5% are within 1000 m of the estimated cloud-top
height. That subset has a 2.5-times-larger fraction of seconds above the 0.1-mA threshold (“threshold_frac”) and a
6-times-larger median corona current amplitude.

5. Conclusions
In this paper, we have established that Loon’s corona
current sensor detects up to approximately half of nearby
electrical activity, where “nearby” corresponds to ∼10-km
horizontal separation and ∼5 km above the BCI CloudHeight

estimates. The observed corona current amplitude is positively correlated with the measured GLM optical ﬂux. We
hope this dataset provides researchers with a new perspective
on electrical activity and storm dynamics.
For future operators of stratospheric vehicles, particularly
in the tropics, we recommend both electrical hardening of the
vehicle and active navigation with real-time, tailored storm
data products like CDO. Furthermore, development of shortterm lightning forecasts would be extremely useful for operations in the stratosphere, particularly for slow-moving vehicles
like Loon balloons.
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