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Abstract A specialized satellite version of the passive microwave electric field retrieval algorithm
(Peterson et al., 2015) is applied to observations from the Tropical Rainfall Measuring Mission (TRMM) and
Global Precipitation Measurement (GPM) satellites to estimate the generator current for the Global Electric
Circuit (GEC) and compute its temporal variability. By integrating retrieved Wilson currents from electrified
clouds across the globe, we estimate a total mean current of between 1.4 kA (assuming the 7% fraction of
electrified clouds producing downward currents measured by the ER-2 is representative) to 1.6 kA (assuming
all electrified clouds contribute to the GEC). These current estimates come from all types of convective
weather without preference, including Electrified Shower Clouds (ESCs). The diurnal distribution of the
retrieved generator current is in excellent agreement with the Carnegie curve (RMS difference: 1.7%). The
temporal variability of the total mean generator current ranges from 110% on semi-annual timescales (29%
on an annual timescale) to 7.5% on decadal timescales with notable responses to the Madden-Julian
Oscillation and El Nino Southern Oscillation. The geographical distribution of current includes significant
contributions from oceanic regions in addition to the land-based tropical chimneys. The relative importance
of the Americas and Asia chimneys compared to Africa is consistent with the best modern ground-based
observations and further highlights the importance of ESCs for the GEC.

Plain Language Summary Electrified weather across the globe powers the Global Electric Circuit
(GEC) that regulates the electrical potential of the ionosphere. As it is impossible to measure the current
provided by every electrified cloud directly, we use a retrieval algorithm to quantify this current from Tropical
Rainfall Measuring Mission (TRMM) and Global Precipitation Measurement (GPM) satellite measurements. We
then examine the variability of this generator current on time scales that range from one day to more than a
decade.We estimate that electrified weather provides an average current of 1.4 kA and 1.6 kA globally.
Though current contributions can be found in land and ocean regions across the globe, large concentrations
are found in the tropics near the equator and in the "tropical chimneys" of the Americas, Africa, and Asia. The
greatest source of variability in the GEC generator current is on the semi-annual time scale (110%) followed
by local hour (58%), and universal time (34% - Carnegie curve). The smallest variations are on the decadal
(7.5%) and weekly (2%) time scales.

1. Introduction

The GEC encompasses the electrical connections in the Earth system between electrified weather, the iono-
sphere, and the Earth’s surface. The GEC establishes a potential difference between the ionosphere and the
surface of around 240 kV [Adlerman and Williams, 1996;Markson, 2007]. It has received considerable attention
in the past decade [review:Williams, 2009;Williams and Mareev, 2014] due in part to its potential for monitor-
ing climate [Williams, 2005] and the need to represent the planet’s electrical subsystem in Earth systemmod-
els [Lucas et al., 2015]. Moreover, recent advances in observations make it possible to address longstanding
questions on what kinds of electrified weather contribute to the GEC, how these contributions are distributed
around the globe, and what factors account for its variability.

The GEC may be described simply as a Direct Current (DC) Resistor-Capacitor (RC) circuit consisting of a cur-
rent source (electrified clouds) and passive electric elements [Rycroft et al., 2000, 2007]. Multipole charge dis-
tributions in thunderstorms and ESCs lead to the establishment of upward- and downward- directed
conduction currents depending on the charge structure of the storm. These currents are denoted “Wilson”
currents in the literature after C.T.R. Wilson who proposed the first theory of a global circuit powered by
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electrified weather. Wilson currents produced by electrified weather interact directly with the highly conduc-
tive ionosphere or the Earth’s surface in case of downward-directed conduction currents [Wilson, 1920].
Upward currents are the most common, accounting for 93% of all electrified clouds measured by the
NASA ER-2 aircraft [Mach et al., 2010].

The overall flow of current through the GEC can be determined by integrating the Wilson current contribu-
tions from all electrified weather across the globe. This total current provided by GEC sources is termed the
“generator current” to contrast the fair-weather return current. The GEC has been proposed as a “natural
framework for monitoring global change on many time scales” [Williams, 2005] because it encapsulates
changes in the frequency and intensity of electrified weather into a single system that is routinely mea-
sured. Some of the earliest observations of the GEC were taken by the research vessels Carnegie and
Maud. These ships recorded the average fair-weather electric field as a function of Universal Time during
their voyages across the world’s oceans to establish the diurnal variation of the GEC [Whipple, 1929]. The
resulting annual average variation given by Israel [1973, Appendix, Table XIX] is known as the "classic"
Carnegie curve, and provides a climatology that approximates the modern measurements of the fair
weather electric field in the Antarctic [Burns et al., 2005, 2012, 2017] and the ionospheric potential
[Markson, 2007]. The Carnegie curve’s early 20th century origins make it a natural reference point against
which to assess large-scale changes in electrified weather with the passage of time [Harrison, 2013]. Burns
et al. [2017] uses a combination of electric field measurements from the Vostok and Concordia stations in
Antarctica to provide considerably more accurate diurnal curves that are also resolved seasonally. These
curves show changing contributions from the major northern and southern hemisphere sources as the
seasons progress.

The variability of the GEC on a number of time scales has been discussed in the literature. Rycroft and Harrison
[2012] summarize the sources of many of these. For the Direct Current (DC) variations of interest to this study
(> ~200 s, the RC time constant of the atmosphere), the time scales listed include:< 1 day (thunderstorm cell
growth, gravity waves, tidal variations), diurnal, ~5-days (planetary waves), 27-day, annual, 11-year (solar
cycle), and long-term trends [Rycroft and Harrison, 2012]. Additional variations have also been discussed.
The possibility of a weekly cycle in lightning and electrified weather has been debated [i.e. Altaratz et al.,
2010; Bell et al., 2009; Lyons et al., 1998; Rosenfeld et al., 2012; Vonnegut et al., 1995; Williams et al., 1999].
The proposed weekly cycle is anthropogenic in origin, resulting fromweekday and weekend changes in aero-
sol production. Variations on the intra-seasonal [Madden Julian Oscillation: Anyamba et al., 2000;Madden and
Julian, 1972], semi-annual [Christian et al., 2003; Fullekrug and Constable, 2000; Williams, 1994], and inter-
annual (El Nino Southern Oscillation) [Dowdy, 2016; Hamid et al., 2001; Sátori et al., 2009; Williams, 1992,
1999; Yoshida et al., 2007] time scales have also been assessed. The origins of these variations are primarily
attributed to adjustments to the global generator current from electrified weather following large-scale
changes in temperature [i.e. Reeve and Toumi, 1999; Williams, 1994, 1999, 2005] and vertical development
[Williams, 1985; Yoshida et al., 2009].

The primary caveat to using electric field measurements for this purpose [Burns et al., 2005; Harrison, 2002;
Märcz and Harrison, 2003; Markson, 2007] is that factors unrelated to global electrified weather may affect
the readings. Changes in ion concentration and mobility, involving cosmic ray and radon variations and
ion attachment to aerosols and cloud droplets modify the conductivity of the atmosphere [Baumgaertner
et al., 2014; Bazilevskaya et al., 2008; Tinsley and Zhou, 2006; Williams, 2003]. The same distribution of electri-
fied weather may lead a surface station to measure a different fair-weather electric field if the atmospheric
conductivity is sufficiently perturbed.

Explaining linkages between the variability of electrified weather and the GEC generator current across a
range of time scales requires a fundamental understanding of how different types of electrified clouds inter-
act with the GEC. It is important to know which clouds produce Wilson currents, how the strengths of those
currents vary between electrified cloud types, whether the currents contribute to (upward-directed) or
discharge (downward-directed) the circuit, and how these clouds are distributed across the globe. These
questions are still under active discussion [seeWilliams, 2009;Williams and Mareev, 2014 for a review] includ-
ing the questions of how much current is contributed by ESCs compared to thunderstorms [Mareev and
Volodin, 2014], and to what extent slow transients from lightning discharges contribute to this DC branch
of the GEC [Mareev et al., 2008].
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C.T.R. Wilson’s original thesis identified ESCs alongside thunderstorms as important sources of current for the
GEC [Wilson, 1920]. Early support for this global circuit hypothesis, however, relied on land-based thunder-
storm observations alone [Whipple, 1929; Whipple and Scrase, 1936]. This focus on the tropical “chimney”
regions of the Americas, Africa and Europe, and East Asia [Williams and Satori, 2004] resulted in a diurnal
variation that agreed in phase with the Carnegie curve but had a notably greater amplitude. Williams and
Heckman [1993] showed that this amplitude mismatch could not be explained by oceanic thunderstorms
and, instead, proposed that conduction currents rather than lightning (for example, Wilson currents) drive
the GEC.

Wilson currents have been measured over thunderstorms and ESCs by NASA aircraft since 1986 [Blakeslee
et al., 1989]. These observations have been used to construct overall statistics of current from electrified
weather [Mach et al., 2009], individual distributions for thunderstorms and ESCs in land and ocean regions
[Mach et al., 2010], and distributions by storm type and phase [Deierling et al., 2014]. The aircraft data have
also been used to add ESC and/or low flash rate thunderstorm contributions to the diurnal cycles of lightning
measured from low-Earth orbit [Mach et al., 2011] and thunderstorms detected by the ground-based World
Wide Lightning Location Network [Hutchins et al., 2014; Mezuman et al., 2014].

These “corrections” to the diurnal cycles of lightning and thunderstorms agree well with the Carnegie curve,
but they do not answer the question of how the microphysics and kinematics of electrified weather produce
the Wilson currents that are measured by the ER-2 aircraft and lead to the Carnegie curve in the fair-weather
electric field. Liu et al. [2010] revisited Wilson’s original hypothesis that electrified weather contributes to the
GEC by carrying negative charge to the ground through precipitation. Liu et al. [2010] parsed a database of
Precipitation Features (PFs) in the Tropical Rainfall Measuring Mission [TRMM, Kummerow et al., 1998] dataset
and identified electrified cloud features in two categories: thunderstorms where lightning was observed
within the feature boundaries, and ESCs where 30 dBZ echo top temperatures fall below 10° C over land
or 17° C over the ocean without lightning. The diurnal variations of total rainfall and raining area from these
feature categories are found to match the Carnegie curve better than the thunder day curves in
Whipple [1929].

Wilson currents can be computed for individual electrified clouds using the electric field retrieval algorithm
developed in Peterson et al. [2015]. This algorithm uses microphysical cloud properties to infer the electric
field that would be detected by a high-altitude aircraft passing over an electrified cloud. It was constructed
using coincident 85 GHz passive microwave and electric field measurements taken by the NASA ER-2 aircraft
[Mach et al., 2009; Spencer et al., 1994]. It produces an estimate of the three-dimensional electric field vector at
any location above the cloud and a specified altitude (typically the nominal ER-2 cruising altitude of 20 km)
based on the spatial distribution of 85 GHz brightness temperature in the passive microwave scene. The
charge structure of the electrified cloud is modeled as a geospatial grid of net charges whose relative charge
concentrations and altitudes increase with decreasing 85 GHz brightness temperature. Lower brightness
temperatures are indicative of more intense convection and signify a greater column ice mass that aids colli-
sions and non-inductive charging [NIC: Jayaratne et al., 1983; Mansell et al., 2005; Reynolds et al., 1957;
Saunders and Peck, 1998; Saunders et al., 1991; Takahashi, 1978; Takahashi and Miyawaki, 2002]. Once the rela-
tive strengths and three-dimensional positions of the charges are known, the algorithm applies Coulomb’s
law to approximate the electric field vector that would be measured by the aircraft.

The performance of this algorithm has been addressed using the ER-2 electric field mill measurements
[Peterson et al., 2015]. Wilson current densities are calculated by multiplying these retrieved electric fields
by a measured or assumed atmospheric conductivity. Current densities can then be integrated geospatially
to quantify the total Wilson current for the observed electrified cloud. A key feature of this approach is that it
is only sensitive to the changes in electrified weather that the GEC framework is proposed to monitor. It does
not respond to changes in atmospheric conductivity unless prescribed by the modeler. Since these changes
in electrified weather are our primary concern, an assumed constant 20 km conductivity within the range of
values measured by the ER-2 in Mach et al. [2009] of 2.4 pSm-1 is generally used.

In this study we apply the algorithm from Peterson et al. [2015] to global satellite passive microwave observa-
tions taken by the TRMM and GPM [Hou et al., 2014; Smith et al., 2007] satellites to estimate the generator
current for the GEC and examine its spatiotemporal variability. Section 2 describes the technical approach
employed by the algorithm and summarizes the modifications made to the algorithm for the satellite
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datasets. The global mean generator current is computed in Section 3.1 and the climatological diurnal cycle is
compared with the Carnegie curve and with proxies in the literature. Section 3.2 examines variations in the
total retrieved current on weekly to decadal time scales. Finally, the role of current contributions from strati-
form clouds is discussed in the context of these results in Section 3.3.

2. Data and Methodology

The algorithm from Peterson et al. [2015] is applied to observations from the two NASA Precipitation
Measurement Mission (PMM) low-Earth orbit satellite platforms: TRMM and GPM. The TRMM satellite had
an orbital inclination of 35° and operated for 17 years between late 1997 and mid-2015. It featured a unique
sensor package that included a Precipitation Radar (PR), Microwave Imager (TMI), Visible and Infrared Scanner
(VIRS), and Lightning Imaging Sensor (LIS). The instruments on TRMM that are of primary interest to this study
are the PR and TMI. The PR was the first rain radar in space. It sampled across a 215 km swath with a pixel size
of 4.3 km in the horizontal and 0.25 km in the vertical at nadir. The TMI was a 9-channel passive microwave
radiometer. The 85 GHz channels (8 and 9) used in this study had an Effective Field of View (EFOV) of 4.6 km
(cross track) and 7.2 km (down track) across a 759 km swath [Kummerow et al., 1998]. With a period of 92
minutes, TRMM completed approximately 15 orbits per day. The satellite was boosted in August of 2001 from
an altitude of 350 km to 403 km to extend its mission. This resulted in an increase of ~1 km in each of these
horizontal footprint dimensions: 4.3 km to 5 km for PR, 5x7 km to 6x8 km for TMI 85 GHz [Shimizu et al., 2009;
Shin and Chiu, 2008].

GPMwas launched in the first quarter of 2014 as a successor to TRMM and provides similar precipitation radar
and passive microwave observations from an orbit that extends to ±65° latitude at an altitude of 407 km. A
notable advancement with the GPM core observatory is that it features a Dual-Frequency Precipitation Radar
(DPR) that combines Ku-band and Ka-band measurements. We use only the Ku-band radar in this study
because its larger swath of 245 km covers a greater fraction of the 904 km GPM Microwave Imager (GMI)
domain. The scan geometries of these sensors otherwise compare well with their TRMM counterparts.
Both DPR radars have a 5 km horizontal resolution and 0.25 km vertical resolution similar to TRMM post-
boost, while the GMI 89 GHz channel has a resolution of 6 km that is slightly finer than the TMI post-boost.
One notable difference between TRMM and GPM, however, is that GPM lacks an onboard lightning sensor.
This will inhibit the classification of thunderstorms (features with lightning detected) and ESC (features with-
out lightning detected) currents, though this is not necessary for the present analysis.

2.1. Electric Field Retrieval Algorithm for the TRMM and GPM Satellites

The passive microwave electric field retrieval algorithm described in Peterson et al. [2015] is applied to 86,000
TRMM orbits between 12/1997 and 4/2013 and 8,600 GPM orbits between 3/2014 and 9/2015. The algorithm
estimates the three-dimensional electric field that would be measured by an observer (i.e. the ER-2 aircraft) at
any point within the union of the passive microwave and radar swaths in two processing steps. First, the rela-
tive geospatial distribution of cloud charge concentration is represented using a passive microwave proxy.
Second, Coulomb’s Law is applied to the microwave charge proxy to construct the three-dimensional electric
field vector at the observer location. These proxy electric fields are converted to an estimate of the measured
electric field using an empirical transfer function developed using ER-2 electric field measurements.

Both the ER-2 [Peterson et al., 2015] and satellite versions of this algorithm operate on the premise that the
cloud ice content 85 GHz measurements are sensitive to and can be used as a proxy for cloud charge. This
assertion is supported by the NIC mechanism where collisions between graupel and small ice particles in
the presence of supercooled liquid water result in a transfer of electrons from one species of ice to the other.
Convective updrafts then sort these charged ice particles according to their masses and establish the charge
structures that are responsible for generating Wilson currents and producing lightning flashes. Lower 85 GHz
brightness temperatures signify more vigorous convection with a greater ice content, a higher potential for
collisions, and more charge separation.

Charge structures observed in nature are often described in terms of a convective dipole or tripole model
[Williams et al., 1989]. These models account for most thunderstorms and many of the ESCs that are thought
to be the primary drivers of the GEC. Some cloud types are associated with charge structures that differ from
these standard models, however. Stratiform clouds in Mesoscale Convective Systems are a key example.
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Stratiform charge regions are often horizontally expansive – on the order of 100 km across - and consist of
two to as many as six charge layers of alternating polarity [Lang et al., 2004; Marshall and Rust, 1993;
Marshall et al., 2009; Stolzenburg et al., 1994].

The algorithm from Peterson et al. [2015] does not identify each of the individual charge regions, but rather
assumes that the charge structure can be approximated as a single characteristic layer when viewed by a
distant observer far above the cloud. This simplification is currently necessary for estimating the electric field
at each point over the electrified cloud, but future versions will assign multiple charges based on the local
radar profile. A single charge is placed in each passive microwave pixel within the boundaries of the electri-
fied cloud. The charge layer height in the ER-2 version of the algorithm in Peterson et al. [2015] is assigned
using a lookup table based on the local passive microwave brightness temperature. The TRMM and GPM
version of the algorithm used in this study, however, determines this height from the PR or Ku-PR radar
profile. The net charge in each microwave pixel is placed at the 30 dBZ echo top height that approximates
the highest altitude with a graupel signature and often coincides with the lower boundary of the upper
positive charge layer [i.e. Stolzenburg et al., 1994, Figure 17].

Characterizing the charges based on the passive microwave signal and radar structure allows the algorithm
to adjust itself to represent a large variety of storms in different seasons and parts of the world. This adapt-
ability means that no tuning is required for land vs. ocean storms or thunderstorms vs. ESCs, as microphysical
differences between electrified cloud types should already be represented in the radar and passive micro-
wave data. The assumption of a distant observer above the cloud (the “far field” assumption) is necessary
because the lack of additional charge layers in our simplifiedmodel becomes more pronounced as the obser-
ver moves closer to the top of the storm. In the extreme case where the observer is embedded within the
electrified cloud, the retrieved electric fields would be meaningless.

Uncertainties caused by this simplification of a net charge layer are “built-in” to the empirical transfer func-
tions that translate the microwave proxy into electric field values. So long as the input brightness tempera-
tures produce electric field estimates that approximate the measurements taken by the ER-2, errors in the
intermediate charge proxy are of little consequence to the retrieval. Our analysis of more than 200,000 points
of comparison between the ER-2 field mills and microwave scene across a variety of storm types indicates
that this methodology is robust [Peterson et al., 2015].

2.2. TRMM and GPM Caveats for the Electric Field Retrieval Algorithm

The foremost difficulty with applying the Peterson et al. [2015] algorithm to these satellite datasets is that
TRMM and GPM observe types of weather and parts of the globe that are not sampled by the ER-2 aircraft.
We do not expect large errors in the satellite retrieval for TRMM and GPM cases that have a counterpart in
the ER-2 overflight data, but there are several scenarios where we have no direct electric field measurements
to validate the retrieval or that the algorithm was not designed to handle.

The first scenario is the case of the tallest convection observed by TRMM and GPM. The PR and DPR occasion-
ally measure intense storms with 30 dBZ echoes that encroach upon the 20 km nominal cruising altitude of
the ER-2 aircraft where we place our observer. The retrieved electric fields increase substantially due to the
distance-squared term in Coulomb’s law. In these cases where the far-field assumption is violated, the
dynamic response of the algorithm to the local storm structure becomes a serious source of error. We impose
a limit of 19 km on charge height that removes currents that are orders of magnitude greater than what is
physical for a given storm, but biases still remain towards certain regions where tall convection is frequent.
These regions include northern Argentina in the Americas, the Congo Basin in Africa, the Middle East, north-
ern India and southern China in Asia, and northern Australia.

The ideal solution for removing this bias is to move the observer to a higher altitude far above tall convection.
Though we lack electric field observations at higher altitudes, the total current should remain invariant
regardless of the altitude chosen for the observer. In addition to the baseline run with a 20 km observer,
we also run the algorithm with an observer at a constant 5 km above the dynamic charge layer height and
at constant altitudes ranging from 30 km to 60 km. We then use these higher-altitude runs that are less
affected by tall convection to normalize the original 20 km run to remove this bias. The total current is iden-
tical in the unmodified baseline 20 km run and each of these normalized runs. The only aspect that changes is
how the electric field algorithm responds to the tallest storms relative to a typical sample of electrified clouds.
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The second scenario is the case of inverted-polarity storms and electrified regions of stratiform precipitation.
Though the ER-2 measures the electric field polarity, the algorithm has no mechanism for differentiating
between clouds that produce upward (positive) or downward (negative) Wilson currents. The overflight data
in Mach et al. [2009] indicates that 93% of electrified clouds produce upward-directed Wilson currents
compared to 7% of the opposite polarity. Deierling et al. [2014] examined the same overflight data and
showed that the prevalence of downward currents fluctuated based on phase of the convective life cycle
(developing, mature, dissipation) and cloud type (convective, stratiform). Mature convective systems and
stratiform clouds are most associated with downward currents. Inverted dipole charge structures are
frequently observed in balloon soundings of trailing stratiform regions of squall lines with a maximum
positive charge co-located with the radar bright band [Shepherd et al., 1996]. These stratiform clouds are also
known to contain anomalous positive polarity cloud-to-ground lightning flashes that are frequently
associated with sprites [Lang et al., 2004; Williams, 1998; Williams et al., 2010]. Inverted dipoles are also pro-
duced during the End-Of-Storm Oscillation (EOSO) in the electric field. One explanation for this is that the
electrified hydrometeors that comprise the change regions precipitate out of the dissipating storm
[Marshall et al., 2009].

Scenarios such as these conflict with the implicit assumption in the lack of polarity information in the Peterson
et al. [2015] algorithm that all charge structures are net positive and all Wilson currents flow upwards. As long
as there is sufficient ice in the column, the algorithm will produce a positive current, even if the cloud type in
question produces a downward current or no net current at all. Representing the charge structure of strati-
form precipitation is an active area of development for the algorithm. PR radar profiles and the radar bright
band detection provided by TRMM 2A23 algorithm [Awaka et al., 1998] that uses horizontal and vertical gra-
dients in the PR reflectivity data to differentiate between convective and stratiform clouds may be helpful for
identifying the highest concentration of charge in the column. Additionally, lightning measurements may
provide an indication of the prevailing polarity of the electrified cloud. However, since this work is still in
its early stages, for the time being we will consider separate runs of the algorithm that include (1) all cloud
types, (2), convective clouds only, and (3) stratiform clouds only. Comparing the currents produced by each
cloud type allows us to place numerical bounds on the stratiform current issue.

The third scenario is the case of microwave artifacts from terrain. The Peterson et al. [2015] algorithm was sub-
ject to significant ocean artifacts due to microwave emissivity differences between land and sea. The use of
TMI/GMI Polarization Corrected Temperatures [PCTs: Spencer et al., 1989] in the satellite algorithm solves this
ocean surface problem, but the extensive domain of the two satellites introduces a new source of surface arti-
facts: snow cover in high altitude or mid-to-high latitude regions. Snow-covered terrain has a different emis-
sivity in the microwave band than open terrain [Cordisco et al., 2006] resulting in low 85 GHz PCTs that
approximate the appearance of a large and intense convective cloud. As with the ocean previously, these arti-
facts must be removed using a strict filter because any pixels that remain will contaminate nearby pixels, pro-
pagating the error over a sizable area. If unchecked, these artifacts lead to unrealistic currents from the
winter hemisphere.

To address this issue, PR and DPR measurements are used to distinguish between winter storms and clear air
regions covered in snow. For a passive microwave pixel to be to contain cloud charge there must be a radar
confirmation of rainfall near the surface [2A25 algorithm, Iguchi et al., 2000]. This is the same basic require-
ment that Liu et al. [2010] used to construct their PFs before classifying them as thunderstorms and ESCs.
Consequently, there are cloud types that are known to become electrified and interact with the GEC that will
be missed entirely in our analysis. The most notable examples are anvil clouds that acquire charge from the
convective core through advection [Dye et al., 2007] and non-raining stratiform clouds whose upper and
lower boundaries become electrified in response to the GEC [Nicoll and Harrison, 2016].

2.3. Generator Current Climatologies From TRMM and GPM Observations

Fifteen years of TRMM observations and two years of GPM observations are combined to construct climatol-
ogies of the total mean generator current for the GEC. Three sets of climatologies are produced: a 15-year
TRMM-only climatology, a 2-year GPM-only climatology, and a 17-year TRMM and GPM combined climatol-
ogy. These climatologies include the global distribution of the mean current provided by electrified weather
as well as its temporal distributions that describe the diurnal, weekly (anthropogenic aerosol), intra-seasonal
(MJO), semi-annual and annual, inter-annual (ENSO), and 15-year (TRMM) variations.
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Asmost sources for the GEC are thought
to be concentrated in the tropics
[Williams, 2009], the 15-year TRMM cli-
matologies (tropics up to ±36°) will be
used in the temporal analyses in
Section 3, while the combined TRMM
and GPM climatology will be used for
geospatial analyses.

3. Results

Two basic quantities are required to
approximate the total mean generator
current for the GEC and examine its
variability: the frequency of electrified
weather (electrified cloud count, light-
ning flash rate, or total electrified cloud
area) and the Wilson current contribu-
tion (or a proxy thereof) generated for
each. Liu et al. [2010] identified electri-
fied clouds from Radar Precipitation
Features [RPFs: Liu et al., 2008] that
met specific criteria and used the preci-

pitation and raining area from these features to approximate the Carnegie curve.Mach et al. [2011] computed
the mean current per lightning flash adjusted for shower cloud contributions in land and ocean regions and
then used LIS and Optical Transient Detector (OTD) total lightning statistics [Bailey et al., 2007; Blakeslee et al.,
1999] to estimate the total mean generator current throughout the day. Mezuman et al. [2014] and Hutchins
et al. [2014] count the number of active thunderstorms around the world by clustering World Wide Lightning
Location Network (WWLLN) lightning data into thunderstorm cell features and then use the ER-2 overflight
data to compute the total global thunderstorm current and approximate the Carnegie curve.

Our passive microwave retrieval identifies electrified cloud pixels in TRMM and GPM observations and esti-
mates the current density contributed by each. We calculate the total mean generator current by integrating
the pixel-level currents in space and time. The retrieved electric fields have been shown to provide a reason-
able comparison to ER-2 measurements for individual pixels and storm-scale features [Peterson et al., 2015].
Therefore, integrating these currents across the TRMM and GPM domain is expected to yield a reasonable
approximation of the global mean generator current for the GEC, its spatial distribution, and its temporal
variability on scales that TRMM and GPM can resolve.

Section 3.1 compares our TRMM- and GPM-derived currents with the climatological diurnal and geospatial
distributions in the literature to examine where our results fall in relation to previous work. Section 3.2 then
examines the temporal variability of our TRMM-derived currents from weekly to decadal time scales. Finally,
Section 3.3 discusses the implications of our results for the role of stratiform clouds as current sources for
the GEC.

3.1. Diurnal and Geospatial Generator Current Distributions and Comparisons With Literature

Themost robust set of observations of the variability of the GEC are on the diurnal timescale. Thus, the diurnal
cycle is the first hurdle that any proxy must clear if it is to have a chance at representing the general variability
of the GEC. The classic Carnegie annual average diurnal variation, the LIS/OTD total lightning climatology
[Bailey et al., 2007; Blakeslee et al., 1999, 2014; Cecil et al., 2014] and three previous approximations from
the literature [Liu et al., 2010; Mach et al., 2011; Whipple, 1929] are compared on a common axis in Figure 1.
Each of these curves has a morning minimum and evening maximum, but the amplitude and phase differs
between the lightning-based curves [Whipple, 1929; LIS/OTD climatology] and the curves that also include
ESC [Liu et al., 2010; Mach et al., 2011] in accordance withWilliams and Heckman [1993]. The lightning-based
curves also have a second peak around 14:00 UTC associated with the afternoon peak in lighting activity in
the Congo basin in Africa.

Figure 1. The Carnegie annual average curve and proxies from the
literature.
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Contributions from ESCs damp the lightning diurnal cycle in Liu et al. [2010], and Mach et al. [2011] and
related approaches [i.e. Hutchins et al., 2014; Mezuman et al., 2014]. Though these curves are in a better gen-
eral agreement with the Carnegie curve than Whipple [1929] and the LIS/OTD climatology, they come with
notable caveats attached. Of the two Liu et al. [2010] curves plotted in Figure 1, thunderstorm rainfall best
matches the amplitude of the Carnegie curve. The total rainfall curve has a single peak, but it is overdamped
due to the null effect of warm rainfall. This results in an amplitude that is notably smaller than the Carnegie
curve. Meanwhile, the best agreement between the Mach et al. [2011] curves and the Carnegie curve is
achieved when it is assumed that the ER-2 aircraft undersamples ESCs and that their observed contributions
should be increased by a factor of 3.

The cycles of the total generator current retrieved from TRMM measurements are compared with the
Carnegie curve in Figure 2. There are 15 possible configurations of the retrieval algorithm considered. We
can assume that all cloud types produce Wilson currents, that only convective clouds produce Wilson cur-
rents, or that only stratiform clouds produce Wilson currents. We can also use the unmodified baseline 20
km run or we can use a normalized run that that counteracts biases from tall storms. Possible normalizations
use an observer at a constant 5 km above the charge layer or at a fixed altitude of 30 km, 45 km, or 60 km.
These curves demonstrate how the algorithm responds to our assumptions and indicate which configura-
tions provide the best approximation to the classic Carnegie curve.

All of the TRMM-derived current curves in Figure 2 bear a general resemblance to the Carnegie curve, but
there are differences between configurations of the algorithm. The most significant differences come from
the cloud types that are allowed to count as current sources. All sources (Figure 2a) and runs with only strati-
form sources (Figure 2c) have an amplitude that is too small and a peak that is ~1 hour delayed compared to
the Carnegie curve. Despite modest current contributions per pixel, the sheer number of stratiform cloud pix-
els from mesoscale features dominates the diurnal cycles to the point that the curves in Figure 2a and
Figure 2c are nearly identical in phase and amplitude.

The convective-only runs provide the best match for the Carnegie (Figure 2b). Tthe net current contribution
from all stratiform clouds is assumed to be zero in these configurations. The baseline 20 km run and the nor-
malized runs have current distributions with the same phase and amplitude. Any of these configurations also
compares better with the Carnegie curve than Whipple [1929] and the LIS/OTD climatology curves. The pri-
mary difference between these configurations is the shape of the distribution between the 03:00 UTC mini-
mum and the 19:00 UTC maximum. The normalizations that are closest to the baseline 20 km run (+5 km, 30
km) and most affected by tall convection have the highest current fractions of all runs between 07:00 and
10:00 UTC. This is a time period when the Asia chimney region is most active. They also have the lowest cur-
rent fractions of all runs between 13:00 and 16:00 UTC when the Africa chimney region is most active. The
microphysical properties of the electrified clouds are identical in each of these runs. Thus, the differences

Figure 2. The Carnegie annual average curve and the diurnal distributions of total TRMM-retrieved current produced by various algorithm configurations. Individual
curves are shown for each cloud type (convective and stratiform, convective only, and stratiform only) and observer height (unmodified 20 km runs or 20-km electric
fields normalized by an observer at 5 km altitude above the net charge layer or a constant altitude of 30 km, 45 km, or 60 km).
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in these curves result exclusively from the algorithm’s differing sensitivity to the geometry of the problem
between typical and tall convective cases. The agreement with the Carnegie curve improves with higher
observer altitudes used in the normalization (i.e. when the storm is placed in a more distant field relative
to the observer).

The diurnal cycles from our total generator current estimates are compared with the proxies for the generator
current in the literature in Table 1. Each curve is converted to units of the fraction of its diurnal mean and then
Root Mean Square (RMS) and maximum difference values are computed from the diurnal cycle of the fair-
weather electric field. We use the classic Carnegie annual average curve in this analysis for consistency with
past comparisons [i.e. Mach et al., 2011]. This could be replaced with modern measurements from Antarctica
for greater accuracy [Burns et al., 2017].

RMS errors for the proxies from the literature range from 20% [Whipple, 1929] to 3.3% [Liu et al., 2010: thun-
derstorm rainfall] while maximum differences range from 33% to 6.4%. Global currents used by the Frontiers
in Earth System Dynamics (FESD) Electrical Connections and Consequences within the Earth System
(ECCWES) project [Kalb et al., 2016; Lucas et al., 2015] have RMS difference between 6 and 7% and maximum
differences around 10%.

Our TRMM-derived current from the baseline run with convective and stratiform current contributions, by
comparison, produces an RMS difference of 7% and a maximum difference of 11% from the Carnegie curve.
As in Figure 2, these differences are substantially reduced in the convective-only runs where RMS errors start
at 4.9% for an observer at a constant 5 km above the net charge layer and decrease from there. The baseline
20 km run with only convective current contributions produces an RMS error of 3.8% with a maximum differ-
ence of 10%. These are similar error statistics to the total rainfall curve in Liu et al. [2010] that includes con-
tributions from both thunderstorms and ESCs and the original (1x ESC in Table 3) curve from Mach et al.
[2011]. The retrieval configuration that produces the best fit to the Carnegie curve is the 60 km normalized
run with only convective contributions counted. This run produces a RMS error of 1.7% and a maximum error
of 4.2%, the lowest of all proxies in Table 1.

Though each of the curves in Figure 1 and Table 1 approximates the Carnegie curve, the various approaches
produce different pictures of how current sources are distributed across the globe. Studies that approximate
the Carnegie curve using lightning and thunderstorm observations [Whipple, 1929] generally resemble the
LIS/OTD satellite lightning climatology depicted in Figure 3. Lightning occurs more frequently over land than
over the ocean, and is most frequent in certain key regions of the world that include Lake Maracaibo in
Venezuela, the Congo Basin in Africa, certain areas of the foothills along the Himalayas in India and

Table 1. Root Mean Square and Maximum Differences From the Classic Carnegie Annual Average Curve for Proxies in
Literature, Approximations Used by the Frontiers in Earth System Dynamics Electrical Connections and Consequences
Within the Earth System Project, and TRMM-Derived Currents (Various Algorithm Configurations are Considered)

RMS Difference from Carnegie [%] Max. Difference from Carnegie [%]

Literature
Whipple [1929] 19.9 33.4
LIS/OTD Climatology 13.2 23.3
TRMM Thunderstorm+ESC Counts 8.3 14.0
Mach et al. [2011] LIS/OTD+ER2 4.4 11.0
Liu et al. [2010] Thunderstorm+ESC Rainfall 4.1 9.0
Mach et al. [2011] LIS/OTD+ER2 (3x ESCs) 3.4 6.9
Liu et al. [2010] Thunderstorm Rainfall 3.3 6.4
FESD-ECCWES
New Mean 6.9 10.8
Median 6.6 10.4
Original Mean 6.5 10.6
Electric Field Retrieval Configurations
20 km Unmodified Convective+Stratiform 6.7 11.2
20 km Normalized by +5 km Run Convective 4.9 11.6
20 km Unmodified Convective 3.8 9.6
20 km Normalized by 30 km Run Convective 2.9 7.7
20 km Normalized by 45 km Run Convective 2.1 5.4
20 km Normalized by 60 km Run Convective 1.7 4.2

Journal of Geophysical Research: Atmospheres 10.1002/2016JD026336

PETERSON ET AL. SATELLITE RETRIEVED GEC SOURCE CURRENT 10,033



Pakistan, and Indonesia and Malaysia in the Maritime Continent. Albrecht et al. [2016] ranked these hotspots
using a very high resolution (0.1°) LIS climatology and found that the Lighthouse of Maracaibo outshines all
other hotspots. As a function of latitude (Figure 3b), the majority of lightning activity occurs in the tropics
adjacent to the massive upwelling of the Intertropical Convergence Zone where solar radiation can reach
the surface and destabilize the atmosphere.

Lightning is prevalent to a lesser extent in the outer tropics and mid-latitudes, but infrequent in the high lati-
tudes due to the Clausius-Clapeyron relationship. As a function of longitude (Figure 3c), the lightning distri-
bution has three distinct peaks that correspond to the tropical chimney regions (the Americas, Africa and
Europe, and Asia). Comparably few flashes occur outside of these regions, and, with a few key exceptions
(i.e. Tahiti), lightning is uncommon in oceanic regions. Proxies that assume Wilson current strength is related
to lightning and thunderstorm activity would consider these regions to be of little importance to the GEC.

By contrast, proxies that can detect ESC’s [Liu et al., 2010; our TRMM-retrieved currents] include significant
contributions to the generator current from land and ocean. The global distribution of the total mean current
provided by all cloud types in the baseline 20 km run is shown in Figure 4. This figure is a composite of TRMM
and GPM observations. As a result, the sample size differences between the two satellites can be noted near
the northern and southern boundaries of the TRMM domain. However, the latitude (Figure 4b) and longitude
(Figure 4c) distributions are similar between the combined and TRMM-only climatologies. Many of the same
regions from the LIS/OTD distribution (Figure 4a) are evident in this approximation including the three pro-
minent chimney regions (Figure 4c). However, they are joined by significant current contributions from the
tropical Pacific and Indian Oceans as well as the Gulf of Mexico and along the Gulf Stream.

The global distributions of our TRMM- and GPM-retrieved currents differ based on the cloud types and
whether an observer altitude-based normalization is applied. In contrast to Figure 4 where currents from

Figure 3. Global (a), latitude (b), and longitude (c) distributions of total flash rate from the LIS/OTD satellite lightning climatology.
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the baseline 20 km run and all cloud types are used, Figure 5 shows the global mean current distribution for
the 60-km normalization and only convective current sources. Both distributions place the majority of the
generator current in the tropics, but with slight distinctions in the distribution of current by longitude. The
Americas (~90° W) and Asia (90° E) chimneys from Figure 4 are notably eroded in the normalized run while
significant contributions from the Africa (~0° E) chimney are added. Outside of the tropics, the baseline
run produces significant current up to 60 degrees latitude. Most of these sources are non-convective clouds
over the Gulf Stream and Kuroshio Current. The focus on convection in Figure 5 removes these sources and
the total current tapers off to zero in the high-latitudes. The normalized run with a focus on convective cloud
types results in a global distribution that is more in line with the lightning climatology in Figure 3, but still
includes significant contributions from both land and ocean sources.

TRMM and GPM estimates of the total global mean generator current for the GEC are shown in Table 2
Currents are calculated for TRMM only (extrapolated to high latitudes, 15 years), GPM only (2 years), and com-
bined TRMM+GPM (17 years in tropics, 2 years elsewhere). Previous studies have estimated that the total
mean current ranges from 0.75 kA to 2 kA [Roble and Tzur, 1986]. If we include both convective and stratiform
sources, the retrieval estimates a total current of 2.1 kA to 2.3 kA. From the relatively poor fit to the Carnegie
curve, we assume that much of this current is an overestimation from the unrealistic stratiform current con-
tributions. This appears to be more of an issue with the TRMM dataset than with GPM. The TRMM extrapola-
tion produces 740 A coming from stratiform clouds compared to 299 A in the GPM-only estimate. These
convective and stratiform totals serve as upper bounds to the mean generator current we can expect from
the satellite retrieval.

Figure 4. Global (a), latitude (b), and longitude (c) distributions of the mean TRMM-retrieved current from the baseline 20 km run constructed using TRMM PR/TMI
and GPM DPR/GMI measurements of all cloud types. In contrast to lightning, the Americas and Asia chimneys contribute more current than the Africa and Europe
chimney in Figure 3.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD026336

PETERSON ET AL. SATELLITE RETRIEVED GEC SOURCE CURRENT 10,035



We have increased confidence in the convective-only runs because they provide the best representation of
the Carnegie curve. The total generator current from these runs varies between 1.6 kA and 1.8 kA, well within
the range described in literature. These values would likely change with the current polarity taken into con-
sideration. If we assume that the 7% fraction of storms measured by the ER-2 that produce downward-
directed currents is representative, then we expect the total generator current to be around 1.4 kA. This is
closer to the result of 1.15 kA of Tinsley and Zhou [2006] based on detailed conductivity profiles andmeasured
ionospheric potential.

For the remainder of this study, only the optimal configuration of the algorithm that produces the best
agreement with the Carnegie curve and previous results in the literature will be considered (convective
sources only, normalized using a 60 km observer).

Figure 5. The same as Figure 4, but using a 60 km normalization to counteract biases from violations of the far field assumption and with only currents from
convective cloud types.

Table 2. The Total Global Mean Generator Current Provided by Electrified Weather Estimated From TRMM and
GPM Measurements

TRMM Only Total Current [A]* GPM Only Total Current [A] TRMM & GPM Total Current [A]

All 2,331 2,131 2,308
Convective 1,591 1,832 1,616
with 7%** ↓Iw 1,368 1,575 1,390
Non-Convective 740 299 692

*Extrapolated to the high latitudes.
**Fraction of overflights with downward Wilson currents from Mach et al. [2010].
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3.2. Temporal Variations of the Retrieved Generator Current

One of the reasons the GEC has received significant attention in the past decade is that its sensitivity to
changes in global electrified weather makes it a unique diagnostic tool for the overall state of the
atmosphere. Changes in the frequency and intensity of convection in response to variations in temperature
and large-scale dynamics should be represented in global measurements of atmospheric electricity. The
following sub-sections will compute the temporal variability of the TRMM-retrieved generator current.
3.2.1. Diurnal Cycles of the Retrieved Generator Current
The response of the GEC to temperature can be demonstrated by looking at the local hour and universal time
diurnal cycles of the TRMM-retrieved generator current in Figure 6. The diurnal variation of the total mean
current provided by electrified weather across the TRMM domain (i.e. not extrapolated) is shown alongside
individual contributions from land only and each of the three tropical chimney regions. These include the
Americas (140° W – 30° W), Africa (10° W – 60° E) and Asia (60° E – 160° E). Our definitions of the chimneys
use longitude ranges rather than terrain masks around the tropical land masses [Whipple, 1929; Williams
and Mareev, 2014] due to significant contributions from oceanic storms in Figures 4 and 5. The sum of all con-
tributions from the chimney regions is represented by the thick dashed line in Figure 6. The difference
between this curve and the all currents curve represents the contributions from the remaining longitudes.

All of the curves in Figure 6a have a maximum between 15:00 and 16:00 local time that corresponds to peak
thunderstorm activity in response to diurnal heating. A secondary peak in the early hours can be found for
the global distribution and the Americas and Asia chimney regions due to the influence of MCSs and oceanic
storms that have a delayed diurnal cycle relative to ordinary convection over land. These diurnal cycles are
consistent with the literature on continental convection [Hendon and Woodberry, 1993; Liu and Zipser,
2008; Nesbitt and Zipser, 2003]. If we then map these local-hour diurnal cycles onto Universal Time coordi-
nates, we can show the hourly contributions from the various chimneys. The maxima of the chimney curves
are not aligned temporally as in Figure 6a with the local-hour curves due to their ~90° separation in longitude.
The primary Asia peak occurs at 9:00 UTC (though a secondary peak is present at 20:00 UTC due to oceanic
convection, also noted in Figure 6a), while the Africa peak occurs at 14:00 UTC and the Americas peak occurs
at 20:00 UTC.

It is the sum of these curves and the Pacific Ocean quadrant (not included in the all chimneys curve) that
determines the total current for a given hour and results in our good approximation to the Carnegie curve in
Table 2. This stands in contrast to the earlier thunderstorm-based proxies [i.e. theWhipple, 1929 thunder area
curve] where one dominant chimney controls the shape of the curve at a given hour. The 18:00 UTC peak in
the global distribution of Figure 6b, for example, contains nearly equal contributions from the afternoon
Americas peak (15:00 local time in Figure 6a) and the morning Asia peak (3:00 local time in Figure 6a). The
3:00 UTC minimum of the total generator current, on the other hand, occurs when the Sun is over the
Pacific Ocean and corresponds to the absolute minimum in the Asia chimney curve and a local minimum
between the afternoon and early morning Americas peaks from Figure 6a. No distinct maximum is evident
at 14:00 UTC in Figure 6b due to the reduced amplitude of the Africa chimney compared to the LIS/OTD cli-
matology. Though this time period (~14:00 UTC) is associated with Africa, Asian shower clouds and oceanic

Figure 6. Diurnal variations of TRMM-retrieved current as a function of (a) local time and (b) Universal Time. Contributions
from the chimney regions of the Americas, Africa, and Asia and from land only are also shown. Hourly 1-sigma values are
indicated in grey.
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thunderstorms contribute enough retrieved current that the Asia chimney has a larger contribution than
African thunderstorms during these hours.

The difference between the land-only (dot-dashed) and global total curves in Figure 6b is also notable. As in
Peterson et al. [2015], we distinguish land and ocean regions precisely at the coastline. If we only considered
land-based convection as the primary driver of the GEC, we would still arrive at a diurnal cycle that resembles
the Carnegie curve, but with a reduced total current and a 50% greater diurnal amplitude than if oceanic
sources are included.

The curves in Figure 6 are based on a climatology of TRMM-retrieved currents from all seasons. The diurnal
response of the GEC is known to change throughout the year, however [i.e. Blakeslee et al., 2014; Burns
et al., 2005, 2012, 2017; Liu et al., 2010]. Figure 7 shows the same diurnal cycles of retrieved current separated
by season and compared with ground-based electric field observations taken at Vostok station, Antarctica
[Burns et al., 2017]. For each season (row), the three-month average is shown in the left column and the indi-
vidual monthly averages are shown in the remaining three columns to the right.

Figure 7. The diurnal variations of the mean fair-weather electric field measured at Vostok station, Antarctica [Burns et al., 2017] and TRMM-retrieved current for each
3-month season (left column) and each month (right three columns). Standard errors included in the Burns et al. [2017] dataset are shaded in grey.
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The amplitude and phase of the retrieved generator current diurnal cycle tracks with the Vostok electric field
measurements throughout the year. Despite different temporal domains (2006-2011 for Vostok compared to
1998 – 2013 for TRMM) and sampling rates (continuous Vostok measurements on fair-weather days com-
pared to TRMM snapshots of thunderstorms and ESCs), the TRMM-retrieved generator current closely
matches the Vostok curve in each panel of Figure 7. Our approximation of the generator current for the
GEC thus matches the variation of the fair-weather electric field in terms of the classic annual average
Carnegie curve (Table 1) and modern measurements that take into account how it varies seasonally and from
month to month (Figure 7).

Seasonal changes to the Vostok distributions are attributed to solar heating of the tropical chimneys. These
curves shift between an earlier peak in the 19:00 hour in December to February and a delayed peak after
21:00 UTC in July and August. This UT shift is thought to result from the shape of the American landmass.
The geographic center of the American quadrant of the TRMM domain north of the equator lies at 86.5° W
longitude. By comparison, the geographic center of the southern hemisphere American octant lies at 58.5°
W. Assuming the local hour curves are nearly identical in phase (Figure 6a) and low-latitude sources in the
summer hemisphere dominate the total current (Figure 5b), then we would expect this 28° longitude displa-
cement to cause the peak of the Americas chimney to drift by approximately 2 hours between January and
August. Consistent with these predictions, the January peak in the Americas curve in Figure 7c (solid thin line)
occurs at 19:00 UTC while the August peak in the Americas curve in Figure 7l occurs at 21:00 UTC, two
hours later.
3.2.2. Weekly Variations of TRMM-Retrieved Generator Current
The mechanism for a weekly cycle in thunderstorm and lightning activity is tied to anthropogenic aerosol
production and weekly patterns of human activity. Increased aerosol production during the workweek invi-
gorating convection may lead to a “weekend effect” of suppressed lightning and severe weather. This idea
has been debated since at least the mid 1990’s [see Williams and Mareev, 2014 for a review] and recent stu-
dies indicate that there may be significant changes in lightning [Bell et al., 2009], rainfall [Bell et al., 2008], hail
and tornadoes [Rosenfeld and Bell, 2011] over the course of the week.

Weekly distributions of TRMM-retrieved current are shown in Figure 8. The first distribution (Figure 8a) shows
the weekly cycle of the total generator current throughout the TRMM domain. The total current changes by
around 2% over the course of the week. It is slightly higher for the Americas (3%), but is still hardly apparent in
the distribution. Given the 1-sigma values in Figure 8a (grey area), these weekly variations fall within the error
bars of the retrieval and are not likely to be robust.

However, the proposed source for this variation is based on human activity. Therefore, it should be most pro-
nounced near dense population centers. The LandScan dataset was developed as a global population data-
base for assessing populations at risk from hazardous events such as chemical and radiation leaks as well as
natural phenomena like severe weather and hurricanes [Dobson et al., 2000]. We identify regions with certain
population thresholds (100,000, 1,000,000, 10,000,000) in 2-degree bins in the LandScan 2010 global popula-
tion dataset and examine the weekly cycle of TRMM-retrieved current in those areas. Population density
should correlate with higher anthropogenic aerosol production and a more pronounced weekly cycle.
Indeed, the amplitude of the weekly variation is increased for these specific regions in Figure 8b. The

Figure 8. Weekly variations in TRMM-retrieved current for (a) the TRMM domain and each chimney and (b) land regions
with populations greater than 100,000 people, 1,000,000 people, and 10,000,000 people. Daily 1-sigma values are shown
in grey.
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variation for all regions with 100,000 people is 3% and regions with 10 million inhabitants or more are
associated with a weekly cycle more than twice as strong at 7%. These weekly variations over the most
populated parts of the world (> 10 million inhabitants) are roughly half as large as the ~15% weekly
variation of lightning presented in Bell et al. [2009] that only accounts for thunderstorms. Moreover, these
signals are small compared to the sigma values that accompany them.

The differences between the TRMM-retrieved generator current and Bell et al. [2009] may be related to ESC
contributions that are not apparent in the lightning observations or a tradeoff between the frequency, size,
and rigor of thunderstorms. Our overall assessment of the weekly cycle in the GEC generator current is that
we do not find a clear weekly signal in the generator current data and if this time scale is, indeed, a robust
source of variability for the GEC, then it is likely only evident at local scales. We do not expect there to be a
strong global signal from this effect.
3.2.3. TRMM-Retrieved Currents and the Madden-Julian Oscillation
The Madden-Julian Oscillation [MJO: Madden and Julian, 1972] is the next longest time sale that we consider
with a 30-60 day period. Lightning activity can vary by as much as 50% based on the amplitude and phase of
the MJO [Anyamba et al., 2000;Williams, 2005]. TRMM-retrieved current responses to both aspects of the MJO
propagating wave are quantified using the Realtime Multivariate MJO (RMM) Index [Wheeler and Hendon,
2004] in Figure 9. This analysis is similar to the diurnal or weekly variations shown previously, but substituting
local and universal time hour with MJO amplitude (0 – 3.5) or phase (1 - 8).

Stronger MJO events are associated with a general decrease in generator current for the GEC (Figure 9a),
though this is accompanied by an increased standard deviation in the total current and a greater uncertainty.
The MJO phase (Figure 9b) is related to the migration of organized MCSs from the ocean to the continents
that may lead to different lightning flash rates and current contributions. Total currents reach a maximum
under phase 1 conditions (Africa) and a minimum under phase 6 conditions (Western Pacific). Most of the
variations lie in the Americas and Asia chimney regions, while non-chimney contributions remain relatively
constant for all MJO amplitudes and phases. The overall response of the TRMM-retrieved generator current
to the MJO is between 10-15%.

Figure 9. Variations in TRMM-retrieved current with the amplitude (a) and phase (b) of the Madden-Julian Oscillation.
1-sigma values are shown in grey.

Figure 10. Annual (a) and semi-annual (b) variations in TRMM-retrieved current. 1-sigma values are shown in grey.
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3.2.4. Seasonal to Annual Variations of TRMM-Retrieved Generator Current
The annual and semi-annual cycles of TRMM-retrieved generator current are shown in Figure 10. The total
current reaches a maximum in the northern hemisphere summer and a minimum in January with an annual
variation of around 30%. This variation is of a similar scale as the surface-based electric field measurements
summarized in Williams [2009] that ranges from 21% - 28%.

The semi-annual enhancement is associated with a ~1 °C increase in temperature across the tropics [Williams,
1994, 2009], which equates to roughly 14% of the temperature change between summer and winter means
within the TRMM domain. We assess the overall response of the GEC generator current to the passing of the
seasons by distributing retrieved Wilson current contributions according to the length of time from the local
winter solstice (Figure 10b). December currents in the northern hemisphere are added to July currents in the
southern hemisphere, and so on. These distributions have a considerably greater amplitude and, like the local
hour curves in Figure 6a, all chimney regions align in phase with the global distribution. The overall semi-
annual response in the total current is 110% from winter to summer solstice.

Much of the discussion of the annual variation of the GEC has been dedicated to changes in the geographical
source distribution throughout the year and the effect this has on the tropical chimneys. The shift in the peak
of the Burns et al. [2017] electric field data from 19:00 UTC in December to February to 21:00 UTC in July
September has been attributed to the westward protrusion of the North American continent relative to
South America. The lowest annual values of the 3:00 UTC minimum November, December, and January are
similarly attributed to a greater distance in longitude between Asia and South America than between Asia
and North America.

We examine how the global distribution of sources changes throughout the year by computing the distribu-
tions of TRMM-retrieved current by latitude from Figure 5b and by longitude from Figure 5c for each month
of the year. Annual changes in the current distributions are shown in Figure 11 as two-dimensional histo-
grams of TRMM-retrieved current between longitude and month (Figure 11a) and month and latitude
(Figure 11b) that are scaled so the total for each month is 100%. Additionally, we compute the monthly
weighted mean longitude for the current contributions in each of the chimneys (Figure 11a, solid lines)
and the monthly weighted mean latitude for the total current (Figure 11b).

The change in the longitude range for the Americas chimney is evident in Figure 11a. While the peak current
between June and September lies immediately east of 90° W, it migrates eastward to near 60° W from
October to March. Changes in the position of the Africa and Asia chimneys throughout the year are less pro-
nounced. The westward progression of the Africa current during the northern hemisphere summer is only
evident in the weighted mean longitude. The maximum current contributions from the Africa chimney occur
during the rainy season of the Congo basin that lasts from September to April. Over Asia, the westwardmigra-
tion can be seen in the 1.5% contour level that is located over the Maritime Continent and Australia during

Figure 11. Two-dimensional histograms showing the change in the distribution of sources by longitude (a) and latitude
(b) by month. The total for each month is 100%.
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the northern hemisphere winter but
extends westward across India from
April to September. The intensification
of the Asia current during the northern
hemisphere summer follows the
development and life cycle of the south
Asian monsoon [Romatschke and Houze,
2011] and the peak in lightning produc-
tion over the Maritime Continent
[Christian et al., 2003].

Another feature of the annual cycle is a
bi-modal peak in the northern hemi-
sphere warm season. This behavior has
been noted in the literature [Burns

et al., 2005; summarized in Williams, 2009] and is attributed to a bi-annual enhancement of tropical convec-
tion as the Sun crosses the equator [Williams, 1994]. The annual cycle in Figure 10a has a peak in May and
another in September. Only the latter is aligned with an equinox. Semi-annual enhancements at 3 months
from the local winter solstice are not evident in Figure 10b, however.

The May and September maxima appear to coincide with the peak for a specific chimney rather than an over-
all enhancement across the entire tropical belt. The May peak is associated with a prominent Asia chimney in
Figure 10 while the September peak coincides with a peak in the Americas chimney. These months have a
similar distribution of sources by longitude in Figure 11a. A broad Americas peak is formed by current
contributions from both North and South America, the Africa chimney is in flux between its December max-
imum and July minimum, and the maximum of the Asia peak falls in longitudes associated with Bangladesh
to western Indonesia. The key difference between the two peaks is that a greater fraction of the total current
is concentrated in Asia in May while more current is concentrated in the Americas in September.

Spring contributions from both the northern and southern hemispheres can be noted in the current distribu-
tion by longitude (Figure 11a) and the current distribution by latitude (Figure 11b). These combined currents
do lead to a local enhancement in the current contributions from the Americas and Asia near the spring
(Americas) and fall (Asia) equinoxes in Figure 10a. However, this effect appears to be of second order and
is not evident in Figure 10b at 3 months from local winter solstice. Changes in the latitude distribution of total
retrieved current (Figure 11b) are also not symmetrical around the June solstice. Equatorial sources in the
northern hemisphere are the primary contributors to the total generator current from March to December
while southern hemisphere equatorial sources make up the largest portion of the generator current from
January to March.
3.2.5. TRMM-Retrieved Currents and the El Nino Southern Oscillation
The El Niño Southern Oscillation [ENSO: Philander, 1990] is regarded as the single strongest source of inter-
annual variability in the atmosphere and has profound effects on convection, rainfall, and electrified weather.
These aspects are summarized in Williams and Mareev [2014]. El Niño events are generally associated with
reduced rainfall and less frequent thunderstorms over land [Allen et al., 1996]. These storms tend to be stron-
ger, however, and the net effect is an increase in lightning activity in El Niño events compared to La Niña
events [Hamid et al., 2001; Price, 2009; Sátori et al., 2009; Williams, 1992; Yoshida et al., 2007]. This disconnect
between the precipitation and lightning trends is attributed to lightning production being tied to develop-
ment into the ice region [Williams, 1985]. Changes in precipitation, meanwhile, are dominated by warm rain
processes closer to the surface [Rosenfeld and Woodley, 2003].

It is not immediately clear whether the TRMM-retrieved currents will favor El Niño or La Niña events. On the
one hand, the passive microwave measurements that indicate convective vigor and cloud ice might favor El
Niño conditions. On the other hand, smaller regions of near-surface rainfall during El Niño events might favor
greater retrieved Wilson currents during La Niña conditions.

ENSO distributions of the TRMM-retrieved mean generator current are constructed using the Multivariate
ENSO Index [MEI: Wolter and Timlin, 2011]. Negative MEI values correspond to La Niña events, while positive
values correspond to El Niño events, and the amplitude of the index distinguishes their relative strengths. The

Figure 12. Variations in TRMM-retrieved current with the Multivariate
ENSO Index.
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total mean TRMM-retrieved current as a
function of MEI is shown in Figure 12.
Aside from the strongest La Niña events
that may not be representative, the
strongest mean TRMM-retrieved cur-
rents are found when the MEI is close
to zero. More pronounced El Niño or La
Niña events lead to overall weaker cur-
rents. El Niño events may be associated
with increased lightning, but the total
TRMM-retrieved current is generally
higher under La Niña conditions.

While the stronger thunderstorms over
land during El Niño events may be more

favorable for total lightning production, the TRMM-retrieved currents indicate that the size, intensity, loca-
tion, and frequency of thunderstorms and ESCs all bear weight on the overall GEC response to ENSO. The
neutral maximum suggests that the strongest generator currents can be achieved when tropical convection
is not hindered by the limiting effects of either climate pattern. The La Niña preference in the total current,
meanwhile, is likely tied to changes in shower cloud contributions that benefit from larger andmore frequent
- though weaker - storms. Finally, the ENSO response depends on the geographical region examined. The
Americas and Asia chimneys show the largest change with MEI and reflect the global trend. African currents,
on the other hand, increase slightly with the absolute value of MEI.

Though this ENSO response of the TRMM-retrieved generator current contrasts the El Niño preference for
lightning from the literature, Dowdy [2016] points out that there are geographical and seasonal influences
on the sign of the correlations between the ENSO indices and lightning flash densities. For example, positive
NINO3.4 index anomalies (El Niño conditions) during the northern hemisphere Spring may lead to increases
in lightning activity over China while positive values in the fall produce a decrease in lightning activity over
Brazil. Moreover, correlation coefficients between NINO3.4 anomalies and flash densities over Indonesia are
positive in the first half of the year and negative in the second half [Dowdy, 2016].

An in-depth analysis of the changes in the tropical chimneys with ENSO is beyond the scope of this study.
Future work should also evaluate the joint response of the AC circuit (lightning) and DC circuit (Wilson cur-
rents) to ENSO events globally and in different regions of the world.
3.2.6. Decadal Variation of the TRMM-Retrieved Generator Current on a Decadal Time Scale
The final time scale that will be considered is the 15-year TRMM timeseries. Figure 13 shows how the total
generator current fluctuated between 1998 and 2013. Despite fifteen years of annual cycles and ENSO events
throughout this time period, the overall trend appears to be quite steady. The maximum variation of the
annual total current is 7.5% in these 15 years. The annual cycle from Figure 11a can be noted for each year
with a maximum total current in the northern hemisphere summer and minimum in the southern hemi-
sphere summer, in agreement with the global temperature variation on annual time scales [Williams, 1994].

There is concern in the community that the GECmay be declining in time [summarized inWilliams, 2009]. Our
estimates of the total generator current that supplies the GEC do not appear to have changed since the
launch of TRMM, even after the orbit boost in August of 2001 [DeMoss and Bowman, 2007]. It is important
to note, however, that the TRMM record coincides with a time period of stable global mean surface tempera-
tures and total lightning flash rates [Williams et al., 2016]. For this reason, we reserve our judgment on the
possibility of long-term change in the GEC generator current until the retrieval has been run on a record of
sufficient length to capture such changes (~25 years).
3.2.7. Summary of the Variability of the Retrieved Generator Current
The variations in TRMM-retrieved generator current are summarized in Table 3 alongside similar measures for
lightning adapted from the literature. Both the diurnal cycles and variations on decadal timescales agree with
ranges provided for lightning. Diurnal variations in the TRMM-retrieved total current range from 34% for
Universal Time to 58% for local time compared to 30-100% for lightning, while the decadal change is 7.5%
compared to ~10% for lightning. The remaining time scales differ substantially, however. The variation of

Figure 13. Fifteen year timeseries of the total TRMM-retrieved current.
The greatest total current is produced during the summer months for
the northern hemisphere, consistent with the GEC literature.
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the TRMM-retrieved generator current is greater than lightning on the semi-annual time scale (110%
compared to ~50%) while it is smaller than lightning on the weekly (~2% compared to ~15%) and annual
(29% compared to 50-100%) time scales. TRMM-retrieved currents are also less responsive to the MJO than
lightning (~14% compared to ~50%). Though its variability with ENSO has a similar magnitude to lightning
(25% compared to 10-100%), TRMM-retrieved currents are stronger in weak amplitude ENSO events. In
more pronounced events, La Niña conditions generally produce stronger currents than El Niño conductions.

Contrasts between the variability of TRMM-retrieved total current and lightning activity suggest that thunder-
storms and ESCs respond differently to these climate patterns. Electrified Shower cloud contributions have
been shown to damp the diurnal cycle of lightning [Mach et al., 2011] and thunderstorm rainfall [Liu et al.,
2010]. They similarly influence the variability of the total TRMM-retrieved current across all time scales con-
sidered. More work is needed to understand how the variation of the DC circuit (that includes these currents)
connects with the variation of the AC circuit (that does not).

The issue at the center of this discussion is how electrified weather responds to the large-scale temperature
perturbations [Williams, 2005, 1999] associated with these variations. This is also important in the context of
climate looking ahead [Williams and Mareev, 2014]. The general variation of TRMM-retrieved current with the
mean NCEP NCAR Reanalysis [Kistler et al., 2001] surface temperature across the TRMM domain is shown in
Figure 14. When the mean surface temperature of the tropics is between 18° C and 21° C, the total TRMM-
retrieved current over the same region is around 1.4 kA. The total mean current increases with mean surface
temperature between 21° C and 22.5° C, and then levels off at around 1.7 kA for temperatures up to 24° C.
Lower currents can be noted for average temperatures below 18° C or above 24° C, but this is influenced
by a limited sample size as indicated by increasing standard deviations.

To the extent that the data allow, the
TRMM-retrieved generator current
appears to increase or remain constant
with increasing mean surface tempera-
ture in the tropics. In the absence of
conductivity changes, we might expect
no change or an increase in the total
current produced by convective electri-
fied weather with increasing tempera-
tures rather than a decrease. Changes
in current contributions vary by region.
While the total current from the
Americas and Asia chimneys increase
with mean temperature, the total
current from the African chimney
decreases from ~350 A to ~100 A as

Figure 14. Variations in the total TRMM-retrieved current with the mean
surface temperature across the TRMM domain.

Table 3. Variations in Lightning [Adapted From Christian et al., 2003, Bell et al., 2009, and Williams, 2005] and the Total
TRMM-Derived Current on Discrete Time Scales

Period [days] Total Current Variation [%] Lightning Variation [%]

Diurnal 1 ~30-100
Universal Time 34
Local Time 58
Weekly 7 2 ~15
MJO 30-60 ~50
Amplitude 14
Phase 13
Semi-annual 182 110 ~50
Annual 365 29 50-100
ENSO 1000-2000 25 10-100
Decadal 3000-5000 7.5 ~10
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mean temperatures warm from 19° C. This behavior deviates from the diurnal and semi-annual cycles where
the Africa contribution increased along with the Americas and Asia contributions in the warmer local after-
noon (Figure 6a) and summer months (Figure 11b).

The decline of the African chimney is likely sparked by the local weather patterns that accompany these war-
mer temperatures rather than the temperature increase on its own. Highermean temperatures across the tro-
pics may not coincide with higher temperatures across the Africa chimney. An example of this is the annual
cycle of the TRMM-retrieved current. Though current contributions from Africa increase with the length of
time from the winter solstice (Figure 11b), maxima in the annual Africa curve (Figure 11a) occur in March
and November rather than at a solstice. Further comparisons of the tropical chimneys and how their contri-
butions vary with mean temperature warrant further investigation, but lie beyond the scope of this work.

3.3. Comment on the Role of Stratiform Clouds as Current Sources

The total current retrieved by the TRMM algorithm is most sensitive to the cloud types that are allowed to
contribute current to the GEC. The most reasonable global mean retrieved currents and closest approxima-
tions to the Carnegie curve occur when electrified stratiform clouds are ignored even though ER-2 measure-
ments show that electric fields and Wilson current contributions these clouds can be significant [Deierling
et al., 2014; Peterson et al., 2015].

There are three possible factors that could explain why retrieved currents from electrified stratiform clouds
are not well represented in the satellite retrieval. First, the retrieved electric fields (and, consequently, the cur-
rent densities and total Wilson currents) may be overestimated in electrified stratiform regions. The oceanic
stratiform example in Peterson et al. [2015] provides evidence for this argument. Second, the horizontal
extent of the electrified stratiform cloud may be too large. Modest current densities integrated over a sizable
area can lead to current contributions that overshadow the comparably small convective cores. Third, the
algorithm has no mechanism to represent the polarity of the retrieved currents. Therefore, it cannot account
for downward Wilson currents that would cancel out a fraction of the upward current. This issue affects the
total current from convective clouds as well (see Table 2), but the prevalence of negative Wilson currents pro-
duced by inverted dipoles in stratiform clouds trailing squall lines [Shepherd et al., 1996; Williams, 1998] and
the EOSO that accompanies dissipating convection[Marshall et al., 2009] makes it primarily a stratiform issue.

Re-examinations of the convective and stratiform cases in the ER-2 data show good agreement with the mea-
sured electric field strengths over convective and stratiform clouds. Individual cases with large errors [i.e. the
stratiform case in Peterson et al., 2015] are usually oceanic and therefore subject to ocean artifacts that
increase the electric fields across the overpass. The second issue of stratiform clouds being too large is also
not likely to explain the stratiform bias. The algorithm only identifies the portion of the stratiform cloud with
rainfall near the surface, thereby limiting this possible source of error.

The most likely candidate for the inconsistencies between the convective and stratiform total retrieved cur-
rent with observations is the lack of polarity information provided by the algorithm. While Mach et al. [2010]
indicates that 7% of the ER-2 overflights had observed negative (downward) Wilson currents, modeling
results suggest that the majority of electrified stratiform clouds could produce negative currents
[Davydenko et al., 2011]. An alternate explanation for why the convective-only curves in Figure 2 produce
the best agreements with the Carnegie curve is that ~50% of stratiform cloud current contributions are posi-
tive and ~50% are negative, and the total contribution is negligible compared to convection.

The role of stratiform cloud sources is tied to the larger issue of current contributions from Mesoscale
Convective Systems (MCSs). MCSs are substantially larger and more organized than isolated convection.
Model simulations indicate that they produce considerably stronger currents than typical storms
[Davydenko et al., 2004], though they are infrequent by comparison [Nesbitt et al., 2000]. MCS’s are also known
to have a delayed diurnal cycle that peaks after midnight [Laing, 2003]. Since we do not distinguish between
land and ocean sources in our local hour curves, MCS’s also contribute to the morning peaks in Figure 6a. This
delay has been proposed as evidence that isolated convection, rather than MCSs, is the primary driver of the
GEC despite individually higher currents per storm from the latter. If MCSs played a larger role, then the
Carnegie curve would also peak later than it does [Williams and Mareev, 2014].

The diurnal cycles of total convective and stratiform current in Figure 2 support this delayed response from
MCSs. The diurnal cycle of current produced by convection peaks at 19:00 UTC compared to the 20:00 UTC
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peak in the total current produced by all cloud types and the 21:00 UTC peak in the current produced by stra-
tiform clouds. Though the retrieval is not well-suited for quantifying the stratiform contribution to the GEC,
our Carnegie curve approximations provide evidence that the current contributions from ordinary and
mesoscale convective features are reasonable.

4. Conclusion

The total generator current contributed to the GEC by electrified weather is estimated using a satellite version
of the passive microwave electric field retrieval algorithm from Peterson et al. [2015] applied to TRMM and
GPM observations. The total retrieved mean generator current is calculated to be 1.6 kA (1.4 kA if we assume
that 7% of the total current is contributed by negative – downward – currents) and the diurnal cycle is found
to be in excellent agreement with the Carnegie curve (1.7% RMS error using the optimal configuration of the
algorithm). These retrieved currents include contributions from both thunderstorms and ESCs in land and
ocean regions. Significant current contributions offshore signifies that oceanic convection and lightning-
producing storms play an important role in the GEC.

The TRMM retrieval is used to examine variations in the total generator current on several time scales
ranging from the diurnal cycle to a 15-year timeseries. The strongest variations in the retrieved current
are on the semi-annual (110%), diurnal (local time: 58%), and annual (29%) time scales. Variations on
ENSO timescales vary by as much as 25%, but our results indicate that - in contrast to lightning measure-
ments - greater current is produced under neutral and La Niña conditions rather than during El Niño events.
The MJO – both in terms of amplitude (14%) and phase (13%) – and decadal (7.5%), and weekly (2%) time-
scales show the least amount of variability. The global weekly cycle falls within the error bars of the esti-
mated currents and does not appear to be robust.

This work highlights the need to clarify the role of stratiform cloud current sources for the GEC and to
examine the AC and DC variations jointly. It also sets the stage for future work that will focus on examining
Wilson current contributions from individual classes of storms – i.e. thunderstorms and shower clouds,
isolated convection and MCS’s – using Precipitation Features and assessing the responses of the individual
chimney regions to weather and climate patterns.
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