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Abstract Multistation observations of Schumann resonance (SR) intensity document common
behavior in the evolution of continental-scale lightning activity in two super El Nifio events, occurring

in 1997/98 and 2015/16. The vertical electric field component of SR at Nagycenk, Hungary and the

two horizontal magnetic field components in Rhode Island, USA in 1997, and in 2014-2015, the two
horizontal magnetic field components at Hornsund, Svalbard and Eskdalemuir, United Kingdom as well
as in Boulder Creek, California and Alberta, Canada exhibit considerable increases in SR intensity from
some tens of percent up to a few hundred percents in the transition months preceding the two super El
Nifio events. The UT time distribution of anomalies in SR intensity indicates that in 1997 the lightning
activity increases mainly in Southeast Asia, the Maritime Continent and India, i.e. the Asian chimney
region. On the other hand, a global response in lightning is indicated by the anomalies in SR intensity in
2014 and 2015. SR-based results are strengthened by comparison to independent lightning observations
from the Optical Transient Detector and the World Wide Lightning Location Network, which also exhibit
increased lightning activity in the transition months. The increased lightning is attributable to increased
instability due to thermodynamic disequilibrium between the surface and the midtroposphere during the
transition. The main conclusion is that variations in SR intensity may act as a precursor for the occurrence
and magnitude of these extreme climate events, and in keeping with earlier findings, as a precursor to
maxima in global surface air temperature.

Plain Language Summary Schumann resonance (SR) is a global phenomenon produced by
low frequency electromagnetic radiation (<100 Hz) from worldwide lightning. Lightning strokes act as
wideband electromagnetic antennas transmitting in this specific frequency band, and due to the extreme
low attenuation of electromagnetic waves, their radiated signals can be observed anywhere on Earth. This
phenomenon enables the monitoring of global lightning with just a very few (up to four in this study)
observation sites around the globe. The main advantage of the SR-based method is the expectation that all
of the worldwide lightning contributes to the measured SR field, which means the absence of detection
efficiency problems which are inherent with many other lightning detection methods.

In this work, we use SR measurements to monitor changes in both regional and global lightning activity in
connection with two extremely large magnitude, so called “super” El Nifio events (1997/98 and 2015/16).
Our conclusion is that SR intensity variations in the transition months preceding these two El Nifio events
indicate an important increase in lightning activity attributable to thermodynamic disequilibrium. We sug-
gest that SR intensity variations might be applied in the future to predict the occurrence of these extreme
climate events.

WILLIAMS ET AL.

1 of 24


https://orcid.org/0000-0003-1488-3361
https://orcid.org/0000-0002-1672-1510
https://orcid.org/0000-0003-3411-6071
https://orcid.org/0000-0002-1387-7632
https://orcid.org/0000-0003-2524-8494
https://orcid.org/0000-0002-8460-5191
https://orcid.org/0000-0002-2298-0578
https://orcid.org/0000-0002-6608-111X
https://doi.org/10.1029/2020JD033526
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JD033526&domain=pdf&date_stamp=2021-02-04

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2020JD033526

1. Introduction

The El Nifio-Southern Oscillation (ENSO) is an irregularly repeating interannual variation with alterna-
tions between a cold (La Nifia) phase and a warm (El Nifio) phase, as measured in sea surface temperature
(SST). Both ENSO episodes have worldwide influence on the global climate but the warm El Nifio period
can cause more dramatic changes, manifest in heavy rainfall or severe drought, mainly in the tropical and
subtropical regions (Allen et al., 1996). A challenging and up-to-now unresolved issue is the prediction
of occurrence and magnitude of El Nifio episodes. As with the effects of ENSO, the main global lightning
activity worldwide can also be found in the tropics, in three dominant continental regions known as the
lightning “chimneys”: the Maritime Continent (MC) together with the Indian subcontinent, Africa (in-
cluding the Congo Basin) and the Americas (including the Amazon Basin of South America). The World
Meteorological Organization (WMO) recently declared lightning as one of the essential climate variables
(Aich et al., 2018) which underlines the importance of lightning research in studying the impact of ENSO
on global climate (and see further references below).

Several studies have looked at the ENSO phenomenon with a focus on its possible effect on lightning activ-
ity in selected regions and with emphasis on distinguishing the behavior in the warm phase and the cold
phase (see further discussion in Section 4.2). For example, the flash rate was higher over the MC in the
peak warm phase of March 1998 than during the following cold episode in March 1999 of the super El Nifio
of 1997/98 (Hamid et al., 2001). Comparison of lightning activity in the El Nifio (2002) and La Nifia years
(1998-2001) showed that lightning activity over India increased by nearly 18% in the seasonally matched
warm period (Kandalgaonkar et al., 2003). Evidence for increased lightning activity in the Indian subcon-
tinent and Southeast Asia during the El Nifio phase was confirmed by several other works as well (e.g.,
Ahmad & Ghosh, 2017; Kumar & Kamra, 2012; Tinmaker et al., 2017; Yoshida et al., 2007; Yuan et al., 2016).
Analysis of seasonal rainfall and lightning activity showed a strong correlation with ENSO episodes over the
central and eastern Mediterranean Sea (Price & Federmesser, 2006). The increased wintertime Southeast-
ern U.S. lightning (thunderstorm) activity during 1997-1998 was attributed to the enhanced synoptic-scale
forcing associated with ENSO (Goodman et al., 2000). Global lightning has also been examined from an
ENSO perspective by Chronis et al. (2008) and Satori et al. (2009). Dowdy (2016) has suggested the potential
for seasonal forecasting of lightning and thunderstorm activity in various regions throughout the world by
studying large-scale modes of atmospheric and oceanic variability. According to his results, ENSO has the
strongest relationship with lightning activity during each individual season.

Schumann resonances (SR) are the global electromagnetic resonances of the Earth-ionosphere cavity main-
tained by the electromagnetic radiation (<100 Hz) of the worldwide lightning activity (Schumann, 1952).
A comprehensible summary of SR can be found in Price (2016) while for a more extensive picture one may
consult Nickolaenko and Hayakawa (2002, 2014). In early ENSO/lightning studies, Williams (1992) found a
close correlation between the surface temperature anomaly (Hansen & Lebedeff, 1987) and the horizontal
magnetic field component of SR observed at West Greenwich, Rhode Island (RID) in the period 1969-1974,
spanning two warm and two cold ENSO episodes. The meridional redistribution of global lightning was
deduced from SR frequency variations during the super El Nifio event of 1997/98 (Satori et al., 1999). Later,
independent evidence for the meridional as well as zonal redistribution of global lightning was given for
the super El Nifio event of 1997/98 and a moderate El Nifio episode in 2002/03 based on Optical Transient
Detector (OTD)/Lightning Imaging Sensor (LIS) satellite observations (Satori et al., 2009). It was also shown
that the global lightning activity tends to increase worldwide during warm ENSO events over land, especial-
ly in the MC and India (Satori et al., 2009). Beggan et al. (2019) studied the possible relationship between
SR and Madden Julian Oscillation (MJO) in 2013-2018. They have found that the periodical variations of
SR spectral parameters (intensity, frequency) and MJO are occasionally in phase but exclusively in the years
under La Nifia condition before and after the super El Nifio of 2015/16. In general, the recording of SR at
a few distant stations is known to be an efficient tool to monitor global lightning without the problems
of detection efficiency inherent with other lightning detection methods (Boccippio et al., 2000; Hutchins
et al., 2012; Said et al., 2010).

Up to now the great majority of studies addressing the ENSO-lightning relationship have dealt with the
general behavior of lightning activity during the ENSO warm and cold episodes, respectively. One notable
exception is Guha et al. (2017) who studied the warm-to-cold ENSO transition in 2009/2010. Few studies
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Figure 1. (a) The Ensemble Oceanic NINO Index (ENS-ONI) and (b) the global monthly mean surface temperature change in the time period of 1993-2019.
Gray-shade background highlights the super El Nifio time periods 1996-1999 and 2013-2016 investigated in this study. In the upper plot warm (El Nifio) periods
are shown in red and cold (La Nifia) periods are shown in blue.

have focused on the temporal evolution of continental-scale lightning activity on the ENSO timescale. The
transition period from peak cold phase to peak warm phase comprises many months and occasionally more
than one year. In this work we study global lightning on a monthly basis in the time period of two super El
Nifio events in 1997/98 and 2015/16 based on SR observations. Although these two extreme climate events
were markedly different in some important aspects (L. Chen et al., 2017), we aim to reveal common sig-
natures in their evolution with attention focused on their effect on continental-scale lightning activity. We
shall also be concerned with the precursory signature of ENSO lightning on the global temperature, given
earlier evidence that heat is transferred from the ocean to the tropical atmosphere in the warm phase, and
subsequently transferred to the global atmosphere (Trenberth et al., 2002). These findings will hopefully
contribute to the better understanding and predictability of ENSO in the future.

2. Data and Methods

For our analyses we have selected the two strongest El Nifio events of the last quarter century, in 1997/98
and in 2015/16, which are often called “super” El Nifio events (Hansen et al., 2018, https://www.webber-
weather.com/ensemble-oceanic-nino-index.html) due to their extraordinary large magnitude (Figure 1).
From the numerous different indices characterizing the ENSO phenomenon, the Ensemble Oceanic NINO
Index (ENS-ONTI) has been selected which is an observation-based and real-time index given with monthly
time resolution. The ENS-ONI index is determined by averaging SST anomalies in an area of the east-cen-
tral equatorial Pacific Ocean (Nino-3.4 region).

The global context of the tropical ENS-ONI index in Figure 1 is shown by the comparison of the record of
global monthly mean surface temperature change from NASA (https://data.giss.nasa.gov/gistemp/graphs_
v4/) on the same time scale. This record is included here to show a well-known result that El Nifio events
transfer heat from the ocean to the atmosphere (Trenberth et al., 2002), a process that ultimately warms the
global atmosphere. Accordingly, the peak El Nifio times in Figure 1 lead the maxima in global air tempera-
ture by times of order 2-3 months, with the largest peak temperatures linked with the two extreme events.

At the Nagycenk Geophysical Observatory (NCK, 47.6°N, 16.7°E) (also known as Széchenyi Istvin Geo-
physical Observatory) in Hungary the continuous recording of the SR spectral parameters corresponding
to the vertical electric field began in May 1993 (Bdr et al., 2020; Satori et al., 1996, 2013). The applied com-
plex demodulation algorithm provides the frequency and the amplitude of the first three SR modes (Satori
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et al., 1996). Time periods with unrealistic spectral parameters, e.g., due to local weather conditions, were
removed manually. We utilize this data set over the 4-year-long time period of 1996-1999 to investigate the
evolution of the super El Nifio event of 1997/98. Two-component magnetic observations at MIT’s Schu-
mann resonance station in West Greenwich (RID, 41.6°N, 71.7°W) are also used in case of this super El Nifio
event. Modal parameters for the SR at RID are extracted from spectral intensity by Lorentzian fitting (Boldi
et al., 2018; Mushtak & Williams, 2002).

Magnetic SR measurements at Hornsund (HRN, 77.0°N, 15.6°E), Eskdalemuir (ESK, 55.3°N, 3.2°W), Al-
berta (ALB, 51.9°N, 111.5°W) and Boulder Creek (BOU, 37.2°N, 122.1°W) stations were processed in the
4-year time period of 2013-2016 to investigate the evolution of the super El Nifio event of 2015/16. The HRN
station is operated by the Polish Academy of Sciences at Svalbard, the ESK station by the British Geological
Survey in the UK, and the ALB and BOU stations by the HeartMath Institute (https://www.heartmath.org/
gci/) in the United States and in Canada, respectively. These sites are equipped with a pair of induction coil
magnetometers aligned with the geographical north-south direction (Hys) and perpendicular to it (Hgw).
The measurements were bandpass-filtered and 10 min-average spectra were generated for the two magnetic
components separately. The weighted average method as in Musur and Beggan (2019) was applied to obtain
the SR spectral parameters (intensity and frequency). Time periods with unrealistic spectral parameters
were manually removed from the data set. The SR data from the HRN station are not available between
September 2015 and March 2016 due to technical reasons.

In this study we calculate the monthly average diurnal variation of the first SR mode's intensity (I;) with
10 min time resolution, i.e., a (12 X 144) matrix characterizes each processed year (the 10 min time reso-
lution yields 6 X 24 = 144 intensity values for each of the 12 months within a year). The main advantage
of this approach is that in addition to highlighting the months with unusual SR intensity it provides the
UT time characteristics of the anomaly as well, which has crucial importance in the interpretation of the
results. In order to reveal possible ENSO-related variations in I; (12, 144) it is necessary to remove the sub-
stantial seasonal variation (see e.g., Satori, 1996) from the data. Therefore, we introduced a normalization
process as follows:

I, -1
Il,norm [%] =100% .%5

L,av

where I 4, (12, 144) denotes the 4-year average of I; (12, 144) (1996-1999 or 2013-2016). In practice, this
means that the average value for all the months of e.g., January is removed from each of the four years to
leave the residual value. Hereafter, we call this quantity “normalized SR intensity.”

A rich archive of thermodynamic soundings is maintained by the University of Wyoming (http://weath-
er.uwyo.edu/upperair/sounding.html) that have been used to explore the thermodynamic origins of the
ENSO-related lightning variations. Convective available potential energy (CAPE) sets an upper bound on
the updraft speeds that can be achieved in thunderstorm convection (Williams & Stanfill, 2002), and these
updraft speeds sensitively influence the ice-based microphysics that controls charge separation and light-
ning. Values of CAPE are also provided on the UWYO site, as well as the vertical profiles of cloud buoyancy
that are helpful in diagnosing the changes in convective adjustment to surface warming that characterize
the cold to warm transition in ENSO. CAPE is calculated by the pseudo-adiabatic process and with air par-
cels with a wet bulb potential temperature averaged over the lowest 500 m of the sounding.

In order to support our SR-based results and to reveal the origin of the observed anomalies in SR intensity,
selected months of the two investigated time periods are analyzed based on independent data sets of light-
ning observations as well. Monthly averages of the 2.5° x 2.5° gridded flash number density (flash/km?)
data provided by the OTD satellite (Cecil et al., 2014) are applied for the time period of the super El Nifio
event of 1997/98 (neither OTD nor LIS data were available for the second event). In addition, monthly av-
erages of 1° x 1° gridded World Wide Lightning Location Network (WWLLN, http://wwlln.net) flash rate
(flash/1° x 1°) data, based on very low frequency (VLF) observations, are analyzed for the super El Nifio
event of 2015/16 (WWLLN data were not available for the first event).

WILLIAMS ET AL.

4 of 24


https://www.heartmath.org/gci/
https://www.heartmath.org/gci/
http://weather.uwyo.edu/upperair/sounding.html
http://weather.uwyo.edu/upperair/sounding.html
http://wwlln.net/

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2020D033526

3. Results

The interpretation of Schumann resonance intensities as a global lightning indicator is not immediately
straightforward to nonspecialists in meteorology and climate studies, and so some discussion on this aspect
is appropriate in advance of the presentation of the results themselves. To interpret the SR-based results to
be shown in Figures 2-4 it is important to be aware of the characteristic diurnal variation of SR intensity
which is strongly coupled to the diurnal variation of global lightning activity. The major part of global
lightning is concentrated in the tropical continental regions, which can be divided into three main areas:
the African, the American, and the Asian lightning “chimneys” (Christian et al., 2003). As the most intense
time period of lightning activity corresponds to the afternoon hours in local time (Williams et al., 2000),
the activation of the main lightning chimneys occurs separately in universal time. The maximum SR inten-
sity corresponding to the Asian, the African, and the American chimneys are usually at around 8, 15, and
20 UT, respectively. This property of lightning activity is mirrored by the diurnal variation of SR intensity
and makes it possible to distinguish the contribution of the different chimneys to the observed increase in
SR intensity. It is important to note that an electric antenna is isotropic in its response and so for all wave
propagation directions. In contrast, the magnetic coils are most responsive to electromagnetic waves propa-
gating perpendicular to their orientation, and thereby they yield additional information about the direction
of lightning activity connected to the observed anomalies in SR intensity.

3.1. Results Based on SR Measurements

Figure 2a shows the ENS-ONI index and Figure 2b presents the normalized SR intensity variation of the E;
field component at the NCK station between 1996 and 1999, a 4-year time period corresponding to the super
El Nifio event of 1997/98. The most conspicuous intensification in the normalized intensity of SR occurs
in February (~70%) and in April (~90%), clearly in the transition of ENSO from the La Nifa to its El Nifio
phase (Figure 2a). The intensification is not uniform in UT time but maximizes near 10-14 UT (Figure 2b)
when the lightning in the Indo-Gangetic Plain in northern India is most active, a region previously high-
lighted for exceptional lightning activity (Albrecht, 2016; Cecil et al., 2014; Guha et al., 2017; Kandalgaon-
kar et al., 2005). In contrast, only minor intensification is evident during the warm phase in the normalized
SR intensity which is more evident in November and December 1997 in Figure 2b where the yellow colors
replace the light blue ones. Later on, a notable suppression of activity is evident during the declining period
of the warm phase (January, February, March, and April of 1998). The world maps show the location of the
two distant SR stations: NCK (Figure 2c) and RID (Figures 2d and 2e). The vertical electric field component
(Ez) was measured at NCK and the two horizontal magnetic field components (Hys and Hgw) were recorded
in RID. The E; antenna is responsive to any direction while the induction coils are the most sensitive for
the great propagational circle path perpendicular for the coil axis. The orange and green lines in the maps
(Figures 2d and 2e) indicate those directions. Diurnal variations of the first SR mode’'s intensity in April
1997 (red) are compared with April 1996 (blue) for the E; field component at NCK (Figure 2h), for the Hgw
(Figure 2g) component, as well as for the Hys (Figure 2h) magnetic field components at RID, respectively.
The SR intensity exhibits considerable increase in the E; field component at NCK between 06 and 16 UT
with maximum intensity at 11 UT in April 1997 (Figure 2f). The Hgyw field component shows increased
intensity at RID between 10 and 15 UT while the intensity of the Hyg field component shows little change
between April 1996 and April 1997. On the basis that the Hys field component (responsive to the African
lightning activity at RID, see Figure 2h), shows little change between April 1996 and April 1997, we can
conclude that the increased SR intensity in the E field component at NCK and in the Hgy field component
in RID are attributable to the increased lightning activity in the MC and in India. That country has been
shown to have the maximum lightning activity near 11 UT with a sustained period of decay thereafter
(Chaudhari et al., 2010). The big difference between the SR response in E; at NCK and in Hgw in RID may
be explained by the fact that the DC component of the electric field is not perfectly separated from the AC
component (SR) in the electronics of the preamplifier in case of large changes in the static field (3300 V/m).
Both SR and potential gradient measurements have been running in parallel at NCK (Bér et al., 2020) and
the occasional contamination of SR intensity with anomalously increased PG values was demonstrated
by Mircz et al. (1997). As was shown by Mircz and Satori (2005) the PG measurement at NCK was also
responsive to the super El Nifio of 1997/98. Therefore, a likely scenario is that the SR observations mirror
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Figure 2. SR-based observations for the super El Nifio event of 1997/98. (a) The ENS-ONI index and (b) the normalized Schumann resonance (SR) intensity

at Nagycenk (NCK) station between 1996 and 1999. The color scale represents the bipolar % deviations from the monthly/seasonal means of absolute intensity
based on the 4-year period of Schumann resonance observations (see the Data and Methods section for more details). April 1996 and April 1997 are marked
with a blue and a red arrow, respectively. (c-e) Maps with the locations of (c) NCK (for Ez) and (d and e) RID (for Hys and Hgy) stations. Panels (d and e) show
the orientation of the magnetic coils (Hys = green; Hgw = orange) and the propagation directions for which they are the most sensitive. (f~h) Diurnal variations
of the first SR mode’s intensity in April 1997 (red) as compared with April 1996 (blue) (f) for the Ez field component at NCK, (g) for the Hgy as well as (h) for
the Hys magnetic field components at RID, respectively. The diurnal variations in intensity in (f-h) are all normalized to unity for the maximum value in April
1997.

both the variation in the AC (SR) and the DC field connected with the super El Nifio event of 1997/98 which
enlarges the observed intensity in the first SR mode at NCK compared to the magnetic measurement at RID.
This idea is supported by the observation that the percentage increase at the maximum of the mean diurnal
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Figure 3. SR intensity at Hornsund (HRN) and Eskdalemuir (ESK) stations over the period 2013-2017. (a) Maps with the locations of the SR stations, the
orientation of the magnetic coils (Hys = green; Hgw = orange) and the propagation directions for which they are the most sensitive. (b) The ENS-ONI index
(top) and the normalized SR intensity plots. The color scale represents the bipolar % deviations from the monthly/seasonal means of absolute intensity based on
the 4-year period (see the Data and Methods section for more details). (c-e) Diurnal variations of the first SR mode’s intensity in pTZ/HZ for the two magnetic
field components at the two stations (four panels in each column) in selected months: (c) Septembers, (d) Decembers, and (e) Februaries. The red curves in

the panels of column (c) indicate September 2014, panels of column (d) December 2014 and panels of column (e) February 2015 (all are transition months
indicated with red arrows in column b). (c) The orange curves refer to September 2015, (d) December 2015, and (e) February 2016 (all are in the main phase

of the super El Nifio of 2015/2016 indicated with orange arrows in the ESK-related portion of column b). The blue curves indicate (c) September 2013, (d)
December 2013, and (e) February 2014 (all are in cold or neutral phase preceding the super El Nifio of 2015/16 indicated with blue arrows in column b). The
gray curves refer to (c) September 2016 and (d) December 2016 as well as (e) February 2013.

intensity variation between April 1996 and April 1997 is smaller in the second (~300%) and third (~250%)
SR modes than in the first mode (~350%) at NCK (not presented here). In addition, the sunrise time at RID
is near 10 UT and the SR intensity is diminished under nighttime condition before 10 UT due to the day-
night asymmetry of the Earth-ionosphere cavity (Satori et al., 2007, 2016). The NCK station as well as the
India and MC source regions are under daytime condition during the maximum lightning activity in those
regions in April.

Figures 3 and 4 present the results for the super El Nifio event of 2015/16. World maps are added to these
figures to show the location of the widely separated SR stations: HRN, ESK (Figure 3a) and ALB, BOU (Fig-
ure 4a). The orientations of the magnetic coils and the propagation directions, for which the coils are the
most sensitive, are also indicated. The Hys and Hgy coils are marked consequently with green and orange
colors, respectively. Figures 3b and 4b show the normalized SR intensity variations in the Hys and Hgw
magnetic field components between 2013 and 2016 while Figures 3c-3e and 4c-4e present the diurnal SR
intensity variation of selected months from the same time period.

The 2015/16 super El Nifio event showed a substantially longer duration than the 1997/98 event (26 vs.
14 months, see Figure 1). At the investigated stations the first remarkable SR intensification took place
in September 2014, when the ENS-ONI index jumped from a near zero to a markedly positive value (Fig-
ures 3b and 4b). The largest SR intensifications appear in the period December 2014-February 2015, when
after a small decrease the ENS-ONI index starts to increase strongly again. This time period can be regarded
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Figure 4. SR intensity at Alberta (ALB) and Boulder Creek (BOU) stations over the period 2013-2017. (a) Maps with the locations of the SR stations, the
orientation of the magnetic coils (Hys = green; Hgw = orange) and the propagation directions for which they are the most sensitive. (b) The ENS-ONI index
(top) and the normalized SR intensity plots. The color scale represents the bipolar % deviations from the monthly/seasonal means of absolute intensity based
on the 4-year period (see Data and Methods section for more details). (c-e) Diurnal variations of the first mode's SR intensity in pT?/Hz for the two magnetic
field components at the two stations (four panels in each column) in selected months: (c) Septembers, (d) Decembers, and (e) Februaries. The red curves in
the panels of column (c) indicate September 2014, panels of column (d) December 2014 and panels of column (e) February 2015 (all are transition months
indicated with red arrows in column b). The orange curves refer to (c) September 2015, (d) December 2015, and (e) February 2016 (all are in the main phase
of the super El Nifio of 2015/16 indicated with orange arrows in column b). The blue curves indicate (c) September 2013, (d) December 2013, and (e) February
2014 (all are in the cold or neutral phase preceding the super El Nifio of 2015/16 and indicated with blue arrows in column b). The gray curves refer to (c)
September 2016 and (d) December 2016 as well as (e) February 2013.

as a second transition interval of the El Nifio episode. The last transition month when conspicuous SR in-
tensification is observed in the normalized SR intensity plots is April 2015.

Previous ENSO-lightning studies have focused on lightning enhancement in the peak El Nifio (warm)
phase rather than in the transition, and that bears checking for this case as well. Similar to the 1997/98
event, secondary SR intensification is evident near the maximum of the 2015/2016 super El Nifio event.
This can be seen in the September and December months of 2015 (yellow color) in the record from the ESK
station in Figure 3b and also in the interval September to December 2015 (yellow color, a few tens of percent
enhancement) in the records from the BOU and ALB stations in Figure 4b. A notable suppression of activity
is evident during the declining period of the warm phase (February, March, and April of 2016) just as in the
case of the 1997/98 event in Figure 2.

With a goal toward highlighting the interannual variations in SR signals, the diurnal variations of the first
SR mode's intensity in the two magnetic field components at the four stations were selected in the same
months (September, December, February) of four consecutive years, as shown for the HRN and ESK sta-
tions in Figures 3c-3e as well as for the ALB and BOU stations in Figures 4c—4e. Variation of SR intensity
measured with two magnetic field components at four distant stations can capture the anomalous behavior
of global lightning activity as the great circle paths shown in the maps cross one or more tropical chimney
regions. The colored arrows in Figures 3b and 4b show the selected months for diurnal analysis from the
4-year time window. The red color identifies the months in the transition period preceding the super El
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Nifio of 2015/16, the orange color refers to the main phase of the super El Nifio, the blue color represents
the cold (neutral) period before the super El Nifio event and the gray color indicates those months which are
separated from the cold, transition, and main phase intervals but included in the 4-year normalization pro-
cedure. The diurnal SR intensities are greatest in the transition months (curves with red color) for all four
SR stations and for both the Hgyw and Hys magnetic field components, as shown in Figures 3c-3e and 4c—
4e. Consequently, a worldwide intensification of lightning activity occurred during the transition months.
The diurnal SR intensity variations in the main phase of the super El Nifio (curves with orange color)
approached the level of SR intensities in the transition month of September and December (Figures 3c,
3d, 4c, and 4d) and before the peak of the super El Nifio. In the later declining warm phase of the super El
Nifio, in February 2016 (Figures 3e and 4e), the SR intensity was greatly diminished. The level of diurnal SR
intensity variations does decrease in the months of the cold period preceding the transition interval (curves
with blue colors) and in the months at the beginning and end of the 4-year time window (curves with gray
color). The great circle path at HRN and ESK in the case of the Hys field component crosses the MC and
West India (see Figure 3a). Large SR intensity anomalies are attributed to these regions in the transition
months: December 2014 and February 2015 (corresponding to the red curves in Figures 3d and 3e). A huge
increase (~80%-100%) of SR intensity in Hygs occurred at the HRN station near 8 UT when the MC shows
the customary maximum lightning activity and an anomalously large increase of SR intensity appeared at
the ESK station as well as a wide maximum centered near 12 UT when the Indian subcontinent shows the
usual maximum lightning activity. The Hgy field component at HRN indicated a noticeable increase of
lightning activity in the African chimney region at around 15 UT at both the HRN and ESK stations in the
transition month of February 2015 (corresponding red curves in Figure 3e). The Hys field component at
ALB and BOU are responsive to the lightning activity in Australia and the southeastern part of the MC (see
the great circle paths in the maps of Figure 4a). In the transition month of December 2014, a large increase
(~100%-150%) of SR intensity was observed at these two stations near 7 UT, when these regions show the
maximum lightning activity (corresponding red curves in Figure 4d). A smaller response in SR intensity
can be seen in February 2015 as well (corresponding red curves in Figure 4e). A positive anomaly in SR
intensity in the Hgy field component at the BOU station was observed near 21 UT in the transition month
of February, 2015 (corresponding red curve in Figure 4e). This anomaly could be attributed to the increased
lightning activity nearby in the coastal region of Mexico.

3.2. Results Based on Independent Lightning Observations

The SR are inherently a long-wavelength phenomenon and in single-station observations cannot resolve the
subcontinental distribution of lightning sources. In order to further strengthen our SR-based results and to
reveal the specific geographical regions from which the intensification of SR predominantly originate we
analyze lightning distributions provided by independent observational methods (satellite-based optical and
ground-based VLF) in selected months when the strongest intensification in SR is documented: April 1997
(Figure 5) for the 1997/98 event as well as December 2014 (Figure 6) and February 2015 (Figure 7) for the
2014/15 super El Nifio event. As references we use the lightning distributions from the same months but
one year earlier: April 1996 (under La Nifia condition) as well as December 2013 and February 2014 (under
non-ENSO condition), respectively. We carry out this kind of analysis only for the Asian chimney region
where the UT time distributions of normalized SR intensity shown in Figures 2-4 provide evidence for the
most probable locations of important changes in lightning activity.

High-flash-rate lightning activity was observed in Southeast Asia and the MC in the ENSO transition month
of April 1997, with increased lightning activity also detected in northeast India and the Himalaya region
(where instability analysis was accordingly undertaken, Section 3.3) as observed by the OTD satellite (Fig-
ure 5). The overall lightning increase for the MC in Figure 5 between April 1996 and April 1997 amounted
to ~35%. This behavior is consistent with the enhanced SR intensity documented in Figures 2f and 2g in the
same transition month, but with different percentage increments (~350% in E; at NCK and ~20% in Hgy
in RID). The large percentage departures relate to the different methods for the lightning observations. In
general, OTD underestimates the lightning activity in unsampled active regions over the monthly time scale
but can identify weak flash characteristics (event/flash, group/flash, radiance/flash, duration/flash) in India
(Beirle et al., 2014). The mean radiance per flash in India is only half of the global mean and higher values
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Figure 5. Flash number density for the Maritime Continent (MC) and India observed by the Optical Transient
Detector satellite in (a) April 1996 and (b) April 1997. A ~35% increase in flashes was observed between April 1996 and
April 1997.

observed over Indonesia (Beirle et al., 2014). Therefore, it is possible that the lightning activity can appear
with different importance in the SR measurements based on extremely low frequency (ELF, 3 Hz-3 kHz)
electromagnetic radiation of lightning and on the optical observation by the OTD satellite. The OTD activ-
ity was sustained for most of 1997 to the peak in the warm phase in November 1997 (but not shown here),
while the SR-measured lightning diminished markedly after April 1997. This apparent discrepancy between
two independent measures of lightning activity is not presently understood.

Given the evidence in multistation SR measurements shown in Figures 3 and 4 for greater regionally
resolved lightning activity in the ENSO transition months, and in recognition of the importance of
oceanic lightning in this MC chimney, interest arose in the comparison with continuously available
surface lightning network data. Observations from the WWLLN have been examined for two transition
months (December 2014 and February 2015) over a wide area (90°E to 160°E and 35°S to 15°N) of the
MC in Figures 6 and 7, respectively. In both figures, comparison maps are made for the same months in
two separate years, and for both daytime (10:00 a.m.-10:00 p.m., centered at 4:00 p.m.) and nighttime
(10:00 p.m.-10:00 a.m., centered at 4:00 a.m.) conditions. Also included in each plot (Figures 6e and 7e)
are the local diurnal variations of the WWLLN-observed lightning strokes averaged over each month.
Especially noteworthy in Figure 6 is the marked increase in lightning activity over northern Australia
and an average increase of ~25% strokes from December 2013 to December 2014. Also noteworthy in
Figure 7 is the pronounced increase in activity over northwest Australia and the prevalent areas of ac-
tivity immediately adjacent to land-ocean boundaries (Sumatra, Borneo, NW Australia, Gulf of Carpen-
taria (Australia)). The average increase in strokes in the transition month February 2015 is ~15%. The
full diurnal comparisons in both Figures 6 and 7 show more lightning in the ENSO transition month in
nearly every local hour.

In conclusion, based on independent lightning observations (OTD and WWLLN), lightning activity was
more intense in the Asian/MC chimney region in the transition months of the two super El Nifio events
than in the same months of the preceding years under La Nifia or non-ENSO conditions. These independ-
ent lightning observations are consistent with inferences based on SR observations with inherently coarser
spatial resolution.

3.3. Results Based on Analysis of CAPE

CAPE is known from previous studies to be a robust indicator of lightning activity (Pawar et al., 2011;
Williams & Stanfill, 2002; Williams et al., 2002). Given the marked enhancement in lightning activity
documented in the SR observations in the ENSO transition month of April 1997, and the suggestion in
the diurnal variation that the primary source region was the Indo-Gangetic Plain south of the Himalaya,
a collection of thermodynamic soundings from this region was evaluated for CAPE, and compared with
like soundings in April 1996 as a nontransition month and with April 1998 as a declining warm phase
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Figure 6. Flash rate observed by the World Wide Lightning Location Network (WWLLN) network in (a) December 2013 between 22 and 10 LT (“nighttime”),
(b) December 2014 between 22 and 10 LT (“nighttime”), (c) December 2013 between 10 and 22 LT (“daytime”), and (d) December 2014 between 10 and

22 LT (“daytime”) for the MC as well as northern Australia. (e) Diurnal variation in local time for the entire month of December, both during the cold phase
(December 2013, blue) and during the transition to warm phase (December 2014, red). The conspicuous increase in lightning activity in Australia is consistent
with the SR diurnal enhancements noted in the same month in Figures 3 and 4, and with the convective available potential energy (CAPE) comparisons
appearing in Figure 10.

month. The comparisons are shown in Figure 8 for a representative selection of radio-soundings available
within the region of interest for all three April periods. All available soundings within each month for each
station selected were included in the monthly averages. Substantial increases in CAPE are noted in the
Indo-Gangetic Plain where lightning enhancements were also documented in Figure 5. The six stations
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Figure 7. Flash rate observed by the WWLLN network in (a) February 2014 between 22 and 10 LT (“nighttime”), (b) February 2015 between 22 and 10 LT
(“nighttime”), (c) February 2014 between 10 and 22 LT (“daytime”), and (d) February 2015 between 10 and 22 LT (“daytime”) for the MC and including
northern Australia. (¢) Diurnal variation in local time for the entire month of February, both during the cold phase (February 2014, blue) and during the
transition to warm phase (February 2015, red). Nighttime activity immediately adjacent to land regions is evident in many cases. The conspicuous increase in
lightning activity in Australia in all but three LT hours is consistent with the SR diurnal enhancements noted in the same month in Figures 3 and 4, and with
the CAPE comparisons appearing in Figure 10.

selected in Figure 8 were located in the inferred lightning-active region of India where CAPE increases
were also documented. It can be seen that in the majority of cases, both the 0Z and the 12Z soundings
show substantially greater CAPE in the transition month of April 1997 than in the cold phase of April
1996, sometimes by a factor-of-two, qualitatively consistent with the lightning contrast. Regarding the
comparison between the transition phase and the warm phase, Figure 8 shows a mix of stations showing
maximum instability in the transition phase (dominant behavior) and other stations showing greater in-
stability in the declining warm phase. This mixed behavior is not at variance with the SR-based lightning
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Figure 8. CAPE documentation based on radio-soundings between April 1996, April 1997, and April 1998. (a-b) Ratio of monthly average CAPE values
(CAPEaprit, 1997/ CAPE opril, 1006) at different radiosonde stations in the MC and India (a) at 0Z and (b) at 12Z. (c) Location of six selected radiosonde stations in
the Indo-Gangetic Plain and (d) monthly average CAPE values for these six stations. Blue, red, and orange bars correspond to April 1996 (cold), April 1997
(transition), and April 1998 (declining warm), respectively.

observations showing evidence for intensification in both the transition and the warm phase of this super
El Nifio event.

CAPE is the positive area on a tephigram bounded by the environmental temperature sounding on the left
and by the moist adiabat on the right. The difference between these two boundaries is the parcel buoyancy
and usually amounts to 10°C or less, making CAPE a delicate quantity. To ascertain whether the CAPE
increases documented in Figure 8 from the cold to the transition phase in India are attributable either to a
systematic reduction in the environmental temperature or to an increase in the moist adiabat, a special dif-
ferential analysis was undertaken. Based on the evidence in an earlier study (Williams & Renno, 1993) for a
zero-CAPE intercept of 23°C in the wet bulb adiabat temperature for a large number of tropical soundings,
all environmental temperatures aloft within the troposphere were compared with the parcel temperature
associated with that special moist adiabat, for both April 1996 and April 1997. In the same manner, all the
parcel temperatures on the moist adiabat in every sounding were compared with the parcel temperatures
associated with that special moist adiabat and within the troposphere, for both April 1996 and April 1997.
The results of this analysis for three sample stations all showing increased CAPE from April 1996 to 1997
are shown in Figure 9. These findings support the idea that a somewhat colder middle-troposphere envi-
ronment in April 1997 is the main cause for the CAPE increase, and that no obvious systematic change is
apparent in the moist adiabat.

For the instability analysis for the second super El Nifio event (2014/15), it is noted that the ENSO transition
months (red arrows in Figures 3b and 4b) lie in NH winter, and so the domain of interest shifts into the
Southern Hemisphere, relative to that shown in Figures 8 and 9. The contribution of the active lightning
in NW Australia has already been documented in Figures 6 and 7 for this time period. For CAPE analysis
shown in Figure 10, all three ENSO phases (cold in blue, transition in red, and warm in orange) have been
examined. Consistent with the lightning behavior, the greatest CAPE values are found in the transition
period at nearly all stations in Australia available for the analysis.
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Figure 9. Diagnosis of two contributions to CAPE increases from April 1996 to April 1997. The two contributions are the environmental temperature (Tenv—
Tref) (turquoise colors) and the surface moist adiabat (Tpar-Tref) (orange colors). Thick curves are averages of all soundings in the respective month. (a)
Selected locations of sounding sites in India, (b) comparisons in turquoise and orange for all soundings in April 1996, and (c) comparisons in turquoise and

orange for all soundings in April 1997.

4. Discussion

The mainstay of this work is represented by the multistation Schumann resonance measurements, but the
ramifications of the work extend much further to tropical convective adjustment to temperature change, to
the response of lightning to ENSO thermodynamic forcing, and to the monitoring and prediction of global
climate change. Accordingly, a number of topics are worthy of separate discussion below.

4.1. Ramifications of UT Diurnal Variations of Schumann Resonance Intensity for Dominant
Chimney Response

The UT time distribution of the observed anomalies in SR intensity preceding the two super El Nifio events
show different characteristics. For the transition months of the 1997/98 super El Nifio event the anomalies
appear predominantly near 10-12 UT which is the characteristic activation time of the western part of the
Asian chimney including the Indian subcontinent and Pakistan (Albrecht, 2016; Blakeslee et al., 2014). On
the other hand, the SR intensity increases throughout the whole 0-24 UT time period in connection with
the super El Nifio event of 2015/16, which hints at a global response i.e., all chimneys involved) in lightning
activity. However, in this event the greatest increase of SR intensity often appears in the 6-12 UT period
which again can be attributed to increased lightning activity in the specific regions of the Asian/MC chim-
ney. In this respect the two super El Nifio events are similar.

WILLIAMS ET AL.

14 of 24



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2020JD033526

(b)

2
L
1
S
[s)
0.5
W SRS N
=g,
= .
(d) 300 4 1500 750 1500 -
= 1600 A 750
hv4
=4 200 1000 500
S 500 1000 A
o 800 4
6 100 A 500 250 250 500 A
0 - 0- 0 0 0 0 -
0z 127 0z 127 0z 127 0z 127 0z 127 0z 127
Year Year Year Year Year Year

Figure 10. CAPE documentation between December 2013, December 2014, and December 2015. (a-b) Ratio of monthly average CAPE values (CAPEpecember,
2014/ CAPEpecember, 2013) at different radiosonde stations in the MC as well as northern Australia (a) at 0Z and (b) at 12Z. (c) Location of six selected radiosonde
stations in northern Australia and (d) monthly average CAPE values for these stations and for both 0Z and 12Z soundings. Blue, red, and orange bars
correspond to December 2013 (cold), December 2014 (transition), and December 2015 (warm), respectively.

4.2. The Contrast in Onset Behaviors for the Two Events

The known difference in the onset behaviors of the two super El Nifio events (Lim et al., 2017) also appear
in the SR intensity variations. The earlier event showed a simpler evolution. The anomalous increase of
SR intensity is confined to a 2-3 month interval preceding the super El Nifio event of 1997/98. This period
of February to April coincides with the premonsoon time in India. On the other hand, the 2015/16 super
El Nifo occurred in two steps which is in line with our SR observations. The anomalous increase of SR
intensity was first observed in September 2014 exactly when the ENS-ONI index turned from near zero to
a markedly positive value. But then, in the subsequent months, the warm phase appeared to be aborting.
The reignition of the 2015/16 super El Nifio occurred in February 2015 and amplified this warm episode
into a super El Nifio by the end of 2015 (L. Chen et al., 2017; Dong & McPhaden, 2018). In this respect,
this event behaved like many others in maximizing near the end of the calendar year (see Table 1 and
discussion in Section 4.6). The anomalies in SR intensity already appeared in December 2014 and reached
their maximum in February 2015. These observations strongly suggest that the SR intensity provides early
evidence for the occurrence of the warm ENSO periods at least in the case of the strongest “super” El Nifio-
like events.

4.3. Comparisons with Previous Lightning Analyses on the ENSO Time Scale

Many published studies address the ENSO-lightning relationship, and in most of them the warm and cold
phases are the exclusive scientific focus, not the transition periods. Some of these earlier studies refer sim-
ply to El Nifio “years” and La Nifia “years” (M. N. Kulkarni & Siingh, 2014; M. K. Kulkarni et al., 2015; Ku-
mar & Kamra, 2012; Tinmaker et al., 2017) while others select specific monthly sequences as “El Nifio” and
“La Nifia” episodes, based on various ENSO temperature indices (Chronis et al., 2008; Hamid et al., 2001;
Satori et al., 2009; Siingh et al., 2017; Wu et al., 2012, 2017; Yoshida et al., 2007). But in either procedure
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the transition period from cold to warm phase, frequently amounting to several months, is either left out of
the analysis, or a portion is included with the warm phase. One important exception is the study by Guha
et al. (2017) in which emphasis is given to the warm-to-cold transition in the 2009/2010 ENSO event that
can be seen in Figure 1. Even in earlier studies making use of the pressure-based Southern Oscillation Index
that considered only temperature and rainfall variations (e.g., Halpert & Ropelewski, 1992) over tropical
continental regions, primary attention was given only to the “high” and “low” phases of ENSO, and not
their transitions.

This documented focus in previous ENSO/lightning studies is understandable given the general interest in
the response of lightning activity to surface air temperature (e.g., Williams et al., 2019). The El Nifio periods
exhibit the warmest SST anomalies and the La Nifia periods the coolest ones. But the ENSO indices are con-
tinuously variable measures of SST imposed by the ocean, and the conspicuous lightning enhancements in
the transition period points to thermodynamic/convective disequilibrium, as elaborated on in Section 4.4.
Both the land surfaces and the atmospheric column are adjusting to the change forced by the increase in
the temperature of the ocean that surrounds the land masses of the MC during the transition period. Both
these adjustments can contribute to increased updraft strength in the deep moist convection that accounts
for the lightning activity.

4.4. ENSO Context for Key Thermodynamic Changes

The changes in key thermodynamic quantities CAPE and cloud base height are possible contributors to
the regional lightning enhancements in the two super El Nifio events. But the physical basis for the ther-
modynamic changes deserves explanation in the context of the evolving ENSO event. Fortunately, this ex-
planation is buttressed by the evidence that these two events show generally the same consistent seasonal
evolution as many other super El Nifios (Allen et al., 1996), as discussed also in Section 4.6. Given that the
lightning activity in the MC is invigorated in both events, we will focus in this discussion on the telecom-
municated response of that chimney to oceanic convection further east.

In the early part of the calendar year, the ocean is already delivering anomalously warm surface water to
the central and eastern equatorial Pacific Ocean. The MC to the west remains in cold La Nifia condition at
this time. Both anomalous sensible and latent heat are transferred to the atmosphere over the warm equa-
torial anomaly. Deep moist convection consequently begins to develop there, warming the local atmosphere
further by the latent heat of condensation and freezing, which in turn causes an expansion of the atmos-
phere and the creation of an anomalous low pressure zone that enhances the low level convergence. This
upwelling in the central Pacific subjects the cold MC to the west to anomalous subsidence. The effect of this
subsidence is two-fold: (1) atmospheric condensate there begins to evaporate/sublimate with consequent
anomalous cooling of the local troposphere and increase in CAPE and (2) the reduction in atmospheric
opacity to incoming sunlight.

The increased shortwave radiation promptly warms the underlying land surface of the MC. The high-heat-ca-
pacity ocean there is also warmed, and the SST there is generally increasing steadily throughout the calen-
dar year (Allen et al., 1996). The anomalous subsidence in the MC and the local tropospheric cooling due
to evaporation/sublimation of condensate leads to a developing positive anomaly in the mean sea level
pressure beneath this chimney. This telecommunication has been amply documented in satellite obser-
vations of earlier ENSO events (Klein et al., 1999) showing maximum reductions in cloud cover during
the transition period and the warm phase. The telecommunication is also widely recognized as the basis
for enhancements in surface air temperature and for reductions in rainfall over land in all three chimney
regions (Allen et al., 1996; Halpert & Ropelewski, 1992; Trenberth et al., 2002). This large-scale reduction in
tropical rainfall is also manifest in hydrological records for large drainage basins (Amerasekera et al., 1997).
The widespread rainfall reduction is also deemed responsible for the reduction in surface dew point tem-
perature over land areas, on account of reductions in soil moisture. This reduction together with the higher
surface temperature both contribute to an increased dew point depression and a raising of the cloud base
height over land in the warm phase. Increasing lightning activity with increasing cloud base height has
been shown earlier by Williams et al. (2005).
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The findings described in Section 3.3 (Figures 8-10) suggest that increases in CAPE during a process of
convective adjustment from cold phase to warm phase is the most important thermodynamic factor in
accounting for the documented lightning increases in Figures 2-7. Considerations for the response of light-
ning flash rate to CAPE are found in Williams and Stanfill (2002). Updraft speed varies as the square root of
CAPE, but if the lightning rate of a thunderstorm varies as the fourth power of the updraft speed (Boccip-
pio, 2001), then a doubling of CAPE amounts to a four-fold increase in lightning rate. Occasional factor-of-
two increases in CAPE have been shown in Figures 8 and 10.

Checks for possible increases in cloud base height in the transition months as a possible contributor to the
lightning increases were unsuccessful, but some indications of increasing cloud base height in the warm
phase over land were identified (but not shown here). This effect may contribute to the enhanced lightning
that was noted during the warm phase of both super El Nifio events considered here.

This study sheds some new light on the subtle issue of convective adjustment in the tropical atmosphere
and the time scale needed for that to occur. The smallness of CAPE is some measure of convective adjust-
ment, and in early modeling work a moist neutral configuration was often assumed. Lightning activity is
perhaps the most sensitive indicator known for the departure from convective equilibrium. The shortcom-
ing of using lightning flash rate alone as an indicator over an area is the ambiguity between flash rate per
convective cell versus number of cells per unit area (Williams et al., 2000). It is widely recognized that the
diurnal time scale is not sufficient for convective adjustment and a large flash rate is often evident after
CAPE attains its maximum value, especially over land (Williams, 2020; Williams et al., 2000). On the
longer semiannual time scale (Williams, 1994), one finds a conspicuous lightning response to surface air
temperature (Williams, 2020), suggesting an insufficient time for convective adjustment. The solution to
the issue of the flash rate per convective cell versus areal concentration of cells has not yet been established.
On the annual time scale, the evidence from the satellite optical record (Williams et al., 2000) is that there
is rather little change in the mean flash rate per cell but a considerable change in the number of cells per
unit area.

The time scales involved with the enhanced CAPE in the super El Nifio events are comparable to semian-
nual time scales, and so the evidence for CAPE accumulations over large areas is quite plausible from this
additional perspective.

While CAPE remains the main metric for departures in convective adjustment, the other key thermody-
namic consideration is water vapor and the Clausius-Clapeyron relation, with its fundamental temperature
sensitivity ~7% per °C (Williams, 2020). As one transitions from the cold to the warm phase in ENSO, the
maximum possible water vapor mixing ratio, latent heat of condensation, wet bulb potential temperature,
and moist static energy all increase. This may have some bearing on the secondary maximum in lightning
activity in the peak warm phase, even when CAPE shows indications of a decreasing trend (Figures 8 and
10).

The demonstrated response of CAPE over land to the transition from cold phase to warm phase on the
interannual time scale has obvious connections to claims that CAPE should increase in a warmer climate
on still longer time scales (Agard & Emanuel, 2017; J. Chen et al., 2020; Romps, 2016; Romps et al., 2014;
Saha et al., 2017; Williams, 2012). The role of the Clausius-Clapeyron relation has also been invoked here.
The anticipated increases in continental tropical cloud base height in the warm phase of ENSO, with con-
tributions (as a dew point depression) from both elevated surface temperature (Allen et al., 1996; Halpert &
Ropelewski, 1992) and decreased dew point temperature (Trenberth et al., 2002), is also deserving of further
analysis, especially given the evidence for an effect on lightning activity.

4.5. Possible Aerosol Effects on Lightning Activity

The role of aerosol in the form of cloud condensation nuclei in increasing lightning activity is increasingly
recognized (Fan et al., 2018; Hu et al., 2019; Stolz et al., 2017; Thornton et al., 2017; Q. Wang et al., 2018b;
Williams, 2019). Though studies of changes in cloud condensation nuclei (CCN) have not been undertaken
over ENSO cycles, it can be expected that CCN concentrations will increase during the subsidence phase
over land areas during the warm phase. The observations presented here showing a maximum in lightning
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Table 1

activity in the transition to the warm phase, with distinct reductions in lightning activity in the subsequent
warm phase, suggest that thermodynamics (e.g., CAPE) is playing the leading role in modulating the light-
ning. It should be noted however that a workable satellite method (Rosenfeld et al., 2016) is now available
for documenting CCN on chimney scales (M. Wang et al., 2018a), and that such methods could now be
deployed to investigate the matter further. This task is however beyond the scope of the present study.

4.6. Historical Context for the Two Super El Nifio Events

The two most recent super El Nifio events in the climate record have been selected for analysis here because
of the availability of coincident lightning/Schumann resonance observations. As shown in Figure 1, these
two events stand out clearly with peak ONI indices exceeding 2.0°C and both with dominant influences on
the global temperature record. A search of the complete ONI index history back to 1871 shows only four
other extreme events (December 1877; November 1888; December 1972; January 1983) for the 150-year
history of SST measurements, and so a total of six events. They are summarized in Table 1. The 1972 event
formed the basis for an early SR investigation of ENSO (Williams, 1992). Given the evidence for globally
extensive SST anomalies (Allen et al., 1996) and back-to-back La Nifia/El Nifio events in that time period,
perhaps the global correlation in that study is more plausible. The 1983 event, showing the more traditional
positive SST anomaly only in the eastern Pacific Ocean (Allen et al., 1996) formed the basis for a textbook
on ENSO (Philander, 1990).

It is often stated that no two ENSO events are alike. One can study this claim further by examining
the global thermodynamic context of the six super El Nifio events, two of which have been shown to
exhibit lightning enhancements during the transition phase in the present study. For thermodynamic
context, we appeal to the global anomaly maps of SST (e.g., Allen et al., 1996; https://climate.nasa.
gov/climate_resources/185/sea-surface-temperature-anomaly-timeline-1982-2017/) available over the
same time period. The two very strongest events with highest ENS-ONT indices are December 1877
(+2.665°C) and November 2015 (+2.653°C). These two events also stand out as exhibiting positive SST
anomalies that are zonally continuous and so surround the three tropical continental lightning chim-
neys. This behavior may help guarantee that continental regions are subjected to large scale subsidence
that will serve to enhance their “continental response.” It may also serve to suppress the continental
monsoonal circulation that is a major source of widespread continental rainfall during the La Nifia
phase (Allen et al., 1996). These two super El Nifios are also both preceded by La Nifia events with
negative SST anomaly pervading the entire tropical belt. These consistent features help explain a robust
global increase in lightning activity during the transition period, and also the observations that all three
chimney regions are involved in the lightning enhancement (at least for the 2014/15 event), as discussed
previously in Section 4.1.

Consideration of SR/lightning behavior has also been given to notably weaker ENSO events with ONI index
in the range between 1.0°C and 2.0°C, four of which can be seen in the short record of Figure 1. Twenty-five
such events are evident in the longer ONI record from 1870 to 1995. The thermodynamic documentation
(Allen et al., 1996) of most of these events do not show a global increase
in SST anomaly throughout the tropical domain, and less than half of
them show well-defined cold oceanic regions pervading and surround-

Summary of the Six Top Super El Nifio Events in 150 Year Period: ing the MC in advance of the warm phase. These differences with the

1870-2020

collection of six super El Nifio cases may provide partial explanations for

ENSO year

Month

ENS-ONT index Character of why the lightning response to the weaker events does not show the same

0

global + SST anomaly

1877
1888
1972
1983
1997
2015

December
November
December
January

November

November

+2.665
+2.226
+2.078
+2.513
+2.555
+2.653

Zonally complete
Incomplete
Incomplete
Incomplete
Incomplete

Zonally complete

consistent behavior chimney-by-chimney that we have shown for the ex-
ceptional 2015 event (Table 1).

One other consistent feature of Table 1 is the well-recognized tendency
for El Nifio events to predominate in NH winter (November, December,
January). In line with the notion so important for the present study, that
El Nifio involves ascent over oceans and subsidence over land, this sea-
sonal behavior may be attributable to solar heating of the more expansive
Southern Hemisphere ocean and favored subsidence over the cold North
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American continent from the upwelling in the central and eastern equatorial Pacific Ocean (N. Renno,
personal communication, 2020).

4.7. Connection with the Recent Hiatus in Global Warming

The two super El Nifio events selected for analysis in this study are also interesting because they set bounda-
ries on the period referred to as the “hiatus in global warming,” generally taken to be the interval 1998-2014.
This hiatus period can be visually identified in the NASA GISS record of global surface air temperature
anomaly in Figure 1. Several global temperature records have been shown to be statistically flat in this time
frame (Williams et al., 2019), whereas the periods before and after show substantial warming trend. The
record of global lightning activity from the NASA LIS in space is also statistically flat in this special time
interval (Williams et al., 2019).

The physical origin of the hiatus in global warming is not well known, though it is generally believed that it
represents a period of enhanced heat uptake by the oceans, in marked contrast to the bounding ENSO peri-
ods characterized by the giving up of ocean heat. It is valuable to contrast the rates of warming dT/dt in the
super El Nifio events with an upper bound on the rate of warming during the much longer hiatus period.
Based again on Figure 1, the tropical warming rate is of the order of 2°C per year, and the global warming
rate is of the order of 0.5°C per year. In contrast, a reasonable (visual) bound on the rate of global warming
over the nominal decade of the hiatus is 0.1°C per 10 years = 0.01°C/yr. Given the 50-200-fold difference
in these estimates, it is not surprising that one has a clear lightning signature in one circumstance and not
in the other.

The strong tendency for maxima in global lightning activity in the ENSO transitional periods adjacent to the
hiatus period is evidence for greatest global departure in convective equilibrium in the transition periods.
The evidence for secondary lightning maxima in the peaks of the warm phase is also noted.

4.8. Connection Between Schumann Resonance Intensity and Lightning Flash Rate

A long-standing assumption in interpretations of Schumann resonance background signals from relatively
compact chimney sources is that the measured intensity is proportional to the lightning flash rate (Boldi
et al., 2018; Clayton & Polk, 1977; Dyrda et al., 2014; Heckman et al., 1998). The SR/OTD and SR/WWLLN
comparisons documented in Section 3.2 suggest that this assumption may not always be valid. Implicit in
the linear relationship between SR intensity and flash rate is the invariance of the mean charge moment
change (CMC) per flash but, in reality, this quantity could vary with meteorological scenario, including the
phase of ENSO. The WWLLN is recording only high-energy ground flashes, and this may provide some
explanation for why the interannual changes in WWLLN stroke rates (~20%) are smaller than changes
documented with SR and optical methods. Further comparisons between Schumann resonance intensity
and flash rates measured by more conventional detection methods (optical and radio frequency) are needed
to sort this out. Comparisons of this kind during the declining warm phase of the super El Nifio events are
particularly needed. The Global Lightning Mappers on GOES-16 and GOES-17 satellites will be particularly
valuable in this regard as they provide the same continuous observations of specific regions that are also
available with SR observations.

4.9. Advantages of SR as a Monitor for Global Lightning

One of the main advantages of the SR-based monitoring of global lightning activity is that it does not suffer
from the detection efficiency problems which are inherent with other lightning detection methods (Boccip-
pio et al., 2000; Hutchins et al., 2012; Said et al., 2010). Lightning radiated waves in the SR band (<100 Hz)
have extremely weak attenuation (<0.5 dB/Mm; Wait, 1970) and all lightning strokes with vertical extent
contribute to the measured electromagnetic fields. However, to reveal the best possible CMC-based spatial
distribution of global lightning corresponding to the months with increased SR intensity, a geophysical in-
version algorithm ingesting multi-ELF-station spectral information is required (Nelson, 1967; Nickolaenko
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& Hayakawa, 2014). Our group is working on the implementation of such an algorithm (Bozdki et al., 2019;
Précser et al., 2019) which will hopefully contribute to the better understanding of variations in lightning
activity on the ENSO timescale. Time series data from a large number of ELF receivers worldwide have
been assembled for the period of the second super El Nifio and inversion calculations are planned as a
future effort.

4.10. Superlative Lightning Response of the MC to ENSO Forcing

The history of ENSO-lightning studies has shown clearly that the MC stands out among the three con-
tinental “chimneys” in its lightning response to ENSO forcing. The strongest evidence here is found in a
global study by Satori et al. (2009) but a larger volume of secondary evidence lies in the great majority of
ENSO-lightning investigations centered on SE Asia/India/Indonesia, all component regions of the MC in
having a mix of land and ocean within the tropical belt (Ahmad & Ghosh, 2017; Hamid et al., 2001; Ku-
mar & Kamra, 2012; Tinmaker et al., 2017; Yoshida et al., 2007; Yuan et al., 2016). This focus on the MC is
also consistent with the finding in Section 4.1 that the MC dominated the three tropical chimneys in the
response to ENSO forcing.

Previously suggested explanations for the MC's superlative lightning response have centered on a common
theme in the present study: thermodynamic disequilibrium. Considerable time is needed for land areas
adjacent to oceans to adjust to a warmed ocean. The contrasts in temperature between land and ocean drive
land-sea breeze circulations (Chronis et al., 2008; Hamid et al., 2001; Williams & Mareev, 2014; Yoshida
et al., 2007) which in turn affect the updraft speeds that are so important for lightning activity. The super-
lative length of the land-ocean boundary in the MC in comparison with the other continental chimneys is
readily apparent.

Considerations of the local diurnal variation of lightning on a global basis (Blakeslee et al., 2014; Figure 4;
Cecil et al., 2015) have shown that while the typical 4:00 p.m. maximum in lightning activity prevails over
large portions of the American and African continents, the situation with the MC is considerably more
complicated. For example, the complications of the Indo-Gangetic Plain in proximity to the Himalayan
Range in India have previously been addressed in interpreting the SR intensity variations in Universal
Time (Figures 3 and 4). Given the limitations of Schumann resonance observations in spatial resolution
for the lightning source, use has been made of the WWLLN VLF network observations to study the local
diurnal variation of lightning over the MC in two important transition months: Decembers of 2013 and 2014
(Figure 6) and Februaries of 2014 and 2015 (see Figure 7). For this analysis the 24-h day has been divided
in half, with one 12-h period (10-22 LT) centered on the 4:00 p.m. local maximum and selected as a “day-
time” interval and the other 12-h period (22-10 LT) centered on 4:00 a.m. local time to define “nighttime”
conditions. The lightning activity in these NH winter months is dominated by activity along the NW coast
of Australia. The nighttime activity is frequently associated with coastlines, as for example, along the SW
coast of the island of Sumatra in Figure 7. In the analyses of the full diurnal variation of the lightning in
both Figures 6 and 7, the appreciable nighttime contribution is evident and amounts to about half of the
daytime contribution.

A similar comparison can be found in the earlier ENSO/lightning study over Indonesia by Hamid
et al. (2001) using LIS observations of lightning from space. This two-to-one daytime/nighttime contrast
can be compared with daytime-dominant lightning behavior at land stations removed from the MC (see
sample diurnal variations in Williams and Heckman (1993) in which the daytime/nighttime lightning ratio
lies in the range of 5-20). The nighttime lightning in the MC is relatively more frequent than in the other
two chimneys, and that is, an important component of the ENSO lightning response, even though the total
lightning activity within the MC often trails that in the other two chimneys, climatologically speaking.

5. Conclusions

In the present study we aimed to identify common signatures in the temporal evolution of two “super” El
Nifio events in 1997/98 and 2015/16 by investigating Schumann resonance intensity. The analyses directed
our attention to the transition months preceding these events when ENSO turned from the cold La Nina
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to its warm EI Nifio phase. Intensification of SR occurred in the transition months preceding both super El
Nifio episodes, supporting a key role for thermodynamic disequilibrium and suggesting that SR intensity
may play a precursory role for the occurrence and magnitude of these extreme climate events. In addition,
SR intensity records mirrored also some of the important differences between the onset mechanisms of the
two events. Our results suggest that the observed SR intensifications corresponding to the 1996/97 super El
Nifio event originate from Southeast Asia, the MC, and India while a global response of lightning activity
is indicated for the 2015/16 super El Nifio event. Indeed, the intensification of lightning activity has been
confirmed in selected months by independent lightning observations as well. The peak El Nifio times lead
the maxima in global temperature by times of order 2-3 months, and consequently the major upsurge in
lightning activity within the MC in the super El Nifio events (preceding by ~6 months the times of maxi-
mum ENS-ONI index) serves as predictions of peak global warming with lead times ~9 months.
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