
1.  Introduction
The El Niño—Southern Oscillation (ENSO) is one of the most conspicuous modes of climate variability 
(e.g., McPhaden et al., 2020). After the seasonal cycle of summer and winter, the ENSO is the largest cause 
of climate variations on Earth. The ENSO cycle is made up of warm (El Niño) and cold (La Niña) phases, 
which replace each other at irregular intervals. During El Niños and La Niñas, the central and eastern equa-
torial Pacific Ocean heats or cools by a few degrees for 12–18 months, which has major impacts on global 
temperature (Tsonis et al.,  2005) and rainfall (Villafuerte & Matsumoto, 2015) patterns, agriculture and 
economic output (Adams et al., 1999), and even public health (Kovats et al., 2003).

ENSO events are characterized by notable shifts in atmospheric convection patterns, affecting both the 
north-south Hadley circulation and the east-west Walker circulation. Considering that tropical deep convec-
tion is associated with thunderstorms and lightning, it should not be surprising that the ENSO also influ-
ences the Earth's electrical environment. However, while the effect of ENSO on lightning has been widely 
discussed in the literature (Chronis et al., 2008; Goodman et al., 2000; Hamid et al., 2001; Kumar & Kam-
ra, 2012; Price, 2009; Price & Federmesser, 2006; Sátori & Zieger, 1999; Sátori et al., 2009; Williams, 1992; 
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remarkable modes of climate variability on Earth. Being made up of irregularly alternating warm (El 
Niño) and cold (La Niña) phases, the ENSO affects atmospheric circulation, global temperature and 
rainfall patterns, agriculture, and economic output. Recent simulations have suggested that changes 
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currents in remote regions of the planet. Here, we present electric field measurements performed during 
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by simulations. Measurements show that the shape of the diurnal variation of the surface electric field 
is significantly different for El Niño and La Niña years (with an especially pronounced effect during 
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Williams et al., 2021; Yoshida et al., 2007), little attention has been given to its influence on quasi-stationary 
electric fields and currents in the atmosphere.

Such fields and currents form the so-called global electric circuit (GEC; see Rycroft et al., 2000; Tinsley, 2008; 
Williams, 2009; Williams & Mareev, 2014), which is arguably the most overarching concept in atmospheric 
electricity. The idea of the GEC is based on Wilson's (1921, 1924) hypothesis, which suggests that charge 
separation inside thunderstorms and electrified shower clouds drives the quasi-stationary current upward 
(toward the ionosphere), whereas in fair-weather regions this current eventually returns to the Earth's sur-
face, with the highly conducting Earth and ionosphere completing the electrical network.

The electric potential of the ionosphere relative to the Earth's surface, maintained by thunderstorms and 
electrified shower clouds all over the Earth and referred to as the ionospheric potential (IP), is the most 
natural characteristic of the GEC intensity (see, e.g., Markson, 1986). However, there have been only few 
studies aimed at measuring the IP directly, since such measurements require expensive aircraft flights or 
balloon soundings (Markson, 2007). On the other hand, it has long been known that the fair-weather po-
tential gradient (PG), when shown as a function of universal time, looks nearly the same at different lo-
cations (Mauchly, 1921, 1923) and reflects the diurnal cycle of global thunderstorm activity (Whipple & 
Scrase, 1936). This implies that even the results of surface PG measurements at a single location (which, 
unlike IP measurements, can be performed on a regular basis) should contain some information about the 
global structure of convection.

Recent attempts to simulate the IP variation by modeling the atmospheric dynamics have suggested that 
changes in global convection patterns due to ENSO should indeed notably affect the GEC intensity and 
shape of its diurnal variation (Slyunyaev et al., 2021a, 2021b). However, until now there have been only 
few studies searching for the impact of ENSO in the results of atmospheric electricity measurements. 
Harrison et al. (2011) analyzed the results of PG measurements performed at the Shetland Islands during 
1968–1984 and reported a positive correlation between the ENSO cycle and the mean fair-weather PG in 
December, with a maximum sensitivity of PG values to the ENSO around 12:00 UTC. More recently, Lavi-
gne et al. (2017) employed the results of PG measurements at Vostok station in Antarctica in 1998–2004 and 
2007–2011 to show that El Niño and La Niña years are characterized by different patterns of the PG varia-
tion, noting in particular an enhancement of the PG at 16:00–0:00 UTC in January-April in La Niña years.

Here, we shall also focus on the diurnal variation of the GEC, which contains more information about con-
vection than the mean GEC intensity. We shall analyze the results of PG measurements at Vostok performed 
during 2006–2016 (part of these data were earlier used by Lavigne et al., 2017). In contrast to previous stud-
ies of the relationship between the GEC and ENSO, we shall look only at the shape of the diurnal variation 
of the PG, thus excluding the year-to-year variability of the mean, which is to a large extent related to the 
local variation of conductivity (e.g., due to the solar cycle). This will enable us to show that the results of PG 
measurements in the Antarctic indeed contain clearly visible patterns related to ENSO, with a statistically 
significant difference between the PG behavior in El Niño and La Niña years. Then simulations with the 
Weather Research and Forecasting (WRF) model on the basis of meteorological reanalysis data will help us 
to account for the mechanism behind this effect.

2.  Methods
2.1.  Atmospheric Electricity Measurements at Vostok Station

We use the results of continual PG measurements at the Russian Vostok station in the Antarctic (78.5°S, 
106.9°E, 3,488 m above sea level) during 2006–2016. While midlatitude surface PG measurements at land 
sites are usually affected by local factors such as aerosols or natural radioactivity, measurements in clean 
locations on the high Antarctic plateaux offer a unique opportunity to identify even subtle trends in the 
GEC variability (Burns et al., 2012, 2017).

The rotating-dipole field mill for measuring the atmospheric PG, which presently operates at Vostok station, 
has been installed at the very end of 2005 under an agreement between the Russian Antarctic Expedition 
and the Australian Antarctic Division (Burns et al., 2017). The field mill is placed on a metal pole about 
3 m above the snow surface, upwind of the main station buildings; the rotational speed of the dipole is 

Writing – original draft: Nikolay N. 
Slyunyaev
Writing – review & editing: 
Alexander V. Frank-Kamenetsky, 
Nikolay V. Ilin, Fedor G. Sarafanov, 
Maria V. Shatalina, Evgeny A. Mareev, 
Colin G. Price



Geophysical Research Letters

SLYUNYAEV ET AL.

10.1029/2021GL095389

3 of 10

about 1,600 revolutions per minute. Note that the field mill that operated at Vostok in 1998–2004 (Burns 
et al., 2005, 2012) was different from the present one.

The results of PG measurements are collected in the form of mean values over consecutive 10-s periods. 
Since the metal pole supporting the field mill clearly disturbs recorded electric field values, collected PG 
values must be divided by a certain form factor to obtain the actual ones. Simultaneous PG measurements 
involving two identical field mills, one of which was placed on the aforementioned 3-m pole with a long 
thin wire at a high voltage stretched above it, have shown that this form factor is nearly equal to 3. A division 
by this value has been applied to the results of PG measurements at Vostok throughout this study. A high 
accuracy in determining the form factor is not important to us here, for in this particular study we always 
look at PG values relative to the diurnal mean.

2.2.  Processing of the PG Data

It is known that sea surface temperature (SST) anomalies in the Pacific associated with ENSO events are 
most pronounced during Northern Hemisphere winters. Therefore, here, we focus our attention on 5-month 
periods around Decembers of different years (October-February). For the 10 such periods in 2006–2016, we 
use the whole data set of available PG measurements. To simplify further analysis, we transformed the 10-s 
data collected by the field mill into average values over consecutive UTC hours. Sometimes there are small 
gaps in the data; for this reason, when averaging, we retained only those hours for which at least 80% of the 
10-s PG values are known.

When analyzing the results of PG measurements, it is important to exclude the data affected by bad weather 
conditions before taking an average over a large number of days. When dealing with PG measurements in 
the Antarctic, one does not necessarily need to use meteorological data in order to identify fair-weather 
days, and criteria based on PG values alone usually work well (Burns et al., 2005, 2012, 2017). Therefore, to 
select fair-weather days for this study, we applied the following formal procedure:

1.	 �The days with incomplete/absent hourly data have been excluded
2.	 �The days with negative/zero hourly PG values have been excluded
3.	 �The days with hourly PG values exceeding 300 V/m have been excluded
4.	 �Among the remaining days only those have been retained for which the diurnal peak-to-peak amplitude 

does not exceed 150% of the diurnal mean

When computing the average diurnal variation of the PG at Vostok for each individual October-February 
period during 2006–2016, we use only the data for fair-weather days within this period, identified by means 
of the procedure described above.

2.3.  Simulation of the GEC With the WRF Model

Surface PG measurements in clean locations are generally able to reproduce the main trends in the variation 
of the GEC intensity; at the same time, the results of such measurements do not give us any information 
about the origin of these trends. In order to shed further light on the results of measurements, it is useful 
to recall that the GEC is maintained by global electrified clouds, which implies that its variation can also 
be simulated on the basis of modeling the atmospheric dynamics (Mareev & Volodin,  2014). More pre-
cisely, grid cell contributions to the IP can be parameterized in terms of convection and precipitation (Ilin 
et al., 2020; Slyunyaev et al., 2019), which makes it possible not only to determine the total IP (perhaps the 
most fundamental measure of the GEC intensity) but also to decompose it as a sum of regional constituents, 
which may reveal the mechanisms behind the variation of the GEC (Slyunyaev et al., 2021b).

Although such simulations with weather and climate models are known to generally underestimate the 
peak-to-peak amplitude of the diurnal variation of GEC parameters, they yield satisfactory results during 
Northern Hemisphere winters (see Ilin et al., 2020), which are most important for the ENSO. For this study, 
we calculated the total IP and regional contributions to it for the same October-February periods of 2006–
2016, using the WRF model (Powers et al., 2017; Skamarock et al., 2019) and meteorological reanalysis data 
for the simulation of the atmospheric dynamics.
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More precisely, we ran the WRF globally on a 1°  ×  1° latitude-longitude grid (see Supporting  Informa-
tion  S1 for other technical details) to simulate the atmospheric dynamics on every third day, which is 
enough to obtain a stable diurnal variation curve for each October-February season. To initialize the WRF 
for each model run, we used the ERA5 data on pressure levels (Hersbach et al., 2018). ERA5 stands for the 
fifth generation ECMWF (European Centre for Medium-Range Weather Forecasts) reanalysis for the global 
climate and weather; it combines model data with global observations into a consistent data set.

To calculate the IP and regional contributions to it, we used the parameterization suggested by Slyunyaev 
et al. (2019) on the basis of an earlier idea of Mareev and Volodin (2014); a detailed discussion of this param-
eterization can be found in Ilin et al. (2020). The formula expressing the IP in terms of climate variables is 
included in Supporting Information S1 for this article, while here we just mention that the two most impor-
tant features of this parameterization are (i) cutting off the grid columns with weak convective activity on 
the basis of convective available potential energy and (ii) estimating the area covered by electrified clouds 
(i.e., the generators of the GEC) in each column from the amount of precipitation. Note that such a param-
eterization is supposed to take into account both thunderstorms and electrified shower clouds.

Finally, the diurnal variation of the IP for each individual October-February period is obtained by av-
eraging over a large number of days and employing some regularization procedures, described in 
Supporting Information S1.

3.  Results
3.1.  Effect of ENSO on the Diurnal Variation of Atmospheric Electricity

It is not so easy to observe the effect of individual ENSO events in the results of surface PG measurements, 
as even in the Antarctic such measurements are influenced by variable local factors so that one needs a 
large number of fair-weather days to obtain a stable curve of the average diurnal variation. Therefore, we 
first look at the data for all El Niño or La Niña years combined together, using SST anomalies in the so-called 
Niño 3.4 region (5°S–5°N, 120°–170°W) to determine the phase of the ENSO cycle. Such anomalies, com-
puted relative to long-term averages taken over several decades, provide one of the most widely used indi-
ces characterizing the ENSO: large positive and negative anomalies indicate El Niño and La Niña events, 
respectively. In this study, we use 5-month Niño 3.4 SST anomalies, calculated relative to the 30-year mean 
on the basis of a monthly time series of Niño 3.4 SST values by National Oceanic and Atmospheric Admin-
istration (NOAA) Climate Prediction Center (CPC); further details are given in Supporting Information S1.

More precisely, we divide all winter seasons that we consider (2006/07 to 2015/16) into two groups based on 
the sign of the 5-month Niño 3.4 SST anomaly. Figure 1a shows the diurnal variations of the PG for Octo-
ber-February, when averaged over each of these two groups (with the year-to-year variability of the 5-month 
mean removed; see Supporting Information S1 for more details). We observe a systematic change in the 
diurnal variation with the ENSO cycle: The PG relative to the diurnal mean around 10:00 UTC is higher in 
El Niño years and lower in La Niña years, whereas around 18:00 UTC it behaves oppositely.

If we consider only strong El Niño and La Niña events (say, those with the 5-month Niño 3.4 SST anomaly 
of +0.9 °C or greater or of −0.9 °C or smaller), we see a much more pronounced effect. This is shown in 
Figure 1b, where the diurnal variation of the PG at Vostok during two strong El Niños that occurred during 
2006–2016 (2009/10, 2015/16) is compared with its counterpart for three strong La Niñas in the same time 
span (2007/08, 2010/11, 2011/12). A positive response of the relative PG to ENSO during 8:00–14:00 UTC 
and a negative response during 16:00–0:00  UTC are clearly seen. These results are generally consistent 
with earlier observations by Harrison et  al.  (2011), who have reported that the PG is most sensitive to 
the ENSO around 12:00 UTC, and by Lavigne et al. (2017), who have established an increase in the PG at 
16:00–0:00 UTC in La Niña years. However, one should be careful when making such comparisons, as here 
we do not consider absolute PG values at all.

Figures 1c and 1d show the simulated diurnal variations of the IP corresponding to Figures 1a and 1b, re-
spectively. We see the same effect as that observed in measurements: A positive response of the relative IP to 
ENSO around 8:00–14:00 UTC and a negative response around 16:00–0:00 UTC, which agrees with earlier 
simulations (Slyunyaev et al., 2021a). As before, in the case of strong events, the effect is more pronounced. 
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Figures 1e and 1f quantify the similarity between the results of measurements and the results of modeling, 
demonstrating that 2-h differences between the relative PG values and 2-h differences between the relative 
IP values behave similarly (a time shift of about 1–2 h between the variations of measured and modeled 
differences during 6:00–16:00 UTC is apparently related to shortcomings of simulations, which are inevi-
table on large-scale grids, where microphysical characteristics of clouds are not available and one cannot 
faithfully separate electrified clouds from nonelectrified ones; see Ilin et al., 2020).

Next, we will look at the results of PG measurements for individual years. Being based on a smaller number 
of days, diurnal variation curves for individual October-February seasons are less reliable than long-term 
ones, but it is still interesting to compare their shapes in El Niño and La Niña years. In Figures 2a–2d, we 
show diurnal variation curves of the PG for four individual October-February periods together with the 
average diurnal variation plotted on the basis of all October-February periods during 2006–2016 (with the 
year-to-year variability of the 5-month mean eliminated). For these four periods, each of which was ac-
companied by a large Niño 3.4 SST anomaly, we indeed observe in the results of PG measurements certain 
patterns related to ENSO: During strong El Niños, the relative GEC intensity is higher than usual around 
8:00–14:00 UTC and lower than usual around 18:00–0:00 UTC; strong La Niñas are characterized by the 
opposite behavior. The results of IP simulation, shown in Figures 2e–2h, demonstrate the same effect in a 
clearer manner.

Figure 1.  (a) The diurnal variation of the potential gradient (PG) at Vostok in October-February for the years 
characterized by positive (red curve) and negative (blue curve) Niño 3.4 sea surface temperature (SST) anomalies (with 
the year-to-year variability removed). Dotted lines show diurnal variations plus and minus one standard error. (b) 
Similar to (a) for the years with strong El Niños and La Niñas (those with the 5-month Niño 3.4 SST anomaly of ±0.9 
°C or larger). (c), (d) Similar to (a) and (b) for the ionospheric potential (IP) simulated using the Weather Research and 
Forecasting (WRF) model. (e) Two-hour mean values of the difference between the two curves shown in (a) and (b). (f) 
Similar to (e) for (b) and (d).
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However, even these results for individual El Niño and La Niña years do not appear as clear as the long-term 
averages shown in Figure 1. For other years with considerably high Niño 3.4 SST anomalies (including the 
strong La Niña event of 2007/08) the ENSO-driven patterns are not always distinctly seen either (see Figure 
S1 in Supporting Information S1), which can apparently be attributed to PG fluctuations due to local effects. 
In this connection, the super El Niño event of 2015/16 is especially interesting, as for this event both meas-
urements (Figure 2b) and modeling (Figure 2f) show a very pronounced deviation of the diurnal variation 
curve from the long-term mean.

Dotted lines in Figures 1 and 2 show one standard error bands around each curve (see Supporting Infor-
mation S1 for more details on calculating standard errors in this study). When we compare strong El Niños 

Figure 2.  (a)–(d) The diurnal variation of the potential gradient (PG) at Vostok in October-February for certain 
individual years characterized by pronounced El Niño or La Niña events (red and blue curves) and on average with 
the year-to-year variability removed (purple curve). Dotted lines show diurnal variations plus and minus one standard 
error; temperatures in parentheses indicate the 5-month Niño 3.4 sea surface temperature (SST) anomalies. Similar 
plots for other years are given in Figure S1 in Supporting Information S1. (e)–(h) Similar to (a)–(d) for the IP simulated 
using the Weather Research and Forecasting (WRF) model.
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with strong La Niñas (Figure 1b) and when we compare the super El Niño season of 2015/16 with the long-
term mean (Figure 2b), we observe that the discovered effect is, in a certain sense, statistically significant.

3.2.  Explanation of the Mechanism Behind the Observed Effect

Simulation of the IP makes it possible to explain the formation of the patterns observed in the diurnal varia-
tion curve. In Figure 3, the diurnal variations of Figure 1d are shown cumulatively as sums of contributions 
from five global regions of the Earth's surface. Systematic changes in equatorial convection in El Niño and 
La Niña years make regional contributions to the GEC increase and decrease, thereby changing the shape 
of its diurnal variation.

It appears that the relative contribution of Atlantic and Indian Oceans and the contribution of Europe and 
Africa do not change much with ENSO. The contribution of the Pacific Ocean is positively correlated with 
the ENSO cycle, while the contributions of Asia and Australia (to a large extent determined by the Maritime 
Continent) and the Americas (mostly South America in October-February periods, which we consider) 
show a negative correlation (cf. Slyunyaev et al., 2021b).

It is known that contributions of land regions to the GEC reach their diurnal maxima around 16:00 local 
time (Mach et al., 2011; Slyunyaev et al., 2019), while contributions of oceans are much flatter, with less 
pronounced maxima around 4:00 local time (Slyunyaev et al., 2019). It is therefore not surprising that the 
change due to ENSO in the Americas' contribution is especially pronounced at around 14:00–0:00 UTC, 

Figure 3.  (a) The diurnal variation of the ionospheric potential (IP) in October-February during strong El Niños 
simulated using the Weather Research and Forecasting (WRF) model (the red curve of Figure 1d), shown cumulatively 
as the sum of contributions from different regions of the Earth's surface. (b) Similar to (a) for strong La Niñas (the blue 
curve of Figure 1d). In each of these two panels dashed lines demonstrate contributions shown in the other one. A 
similar comparison for individual regions is given in Figure S2 in Supporting Information S1. (c) The partition of the 
Earth's surface into regions used in (a) and (b): Pacific Ocean, Atlantic Ocean and Indian Ocean, Asia and Australia, 
Europe and Africa, Americas. The contribution of polar regions (white) is negligibly small.
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while the change in the contribution of the Pacific Ocean is greater than usual at around 8:00–20:00 UTC 
(i.e., changes in contributions are most prominent near the maxima of these contributions; see Figure S2 
in Supporting Information S1 where the regional contributions are plotted separately). On the other hand, 
the contribution from Asia and Australia changes with ENSO more or less uniformly; this may be a conse-
quence of the fact that in our partition of the Earth's surface this region is a mixture of land and ocean, so 
that one should not expect it to have a single pronounced maximum.

In view of all this, we conclude that the negative response to ENSO of the Americas' contribution accounts 
for the negative response of the diurnal variation curve at 16:00–0:00 UTC, as observed in Figures 1 and 2. 
At the same time, the positive effect observed at 8:00–14:00 UTC can be attributed to a positive response of 
the Pacific Ocean (or, more precisely, to its part that is not compensated by a negative response from Asia 
and Australia).

Figure 4 further illustrates this mechanism, showing the geographical distribution of anomalies in the sim-
ulated mean vertical velocity at the WRF level around 500 mbar during strong El Niño and La Niña events. 
These anomalies are computed for each model pixel as the difference between the velocity averaged over 
the seasons accompanied by strong El Niños or La Niñas and the long-term mean over all October-February 
seasons in 2006–2016. The positive response to the ENSO of convection over the Pacific Ocean and the neg-
ative response of that over the Maritime Continent and South America are clearly seen.

Figure 4.  (a) Anomalies of the simulated mean vertical velocity in October-February at the Weather Research and 
Forecasting (WRF) level around 500 mbar during strong El Niños. (b) Similar to (a) for strong La Niñas.
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4.  Conclusions
The results of this study clearly indicate that changes in global convection patterns have an influence on 
global atmospheric electricity, making the effect of ENSO detectable even in the results of electric field 
measurements in Antarctica, far from the equatorial regions affected by El Niño and La Niña events directly. 
Although fluctuations due to local effects do not allow one to distinctly see ENSO-related patterns for each 
individual year, for the majority of strong events they are clearly seen (and the effect is statistically signifi-
cant, provided that we take the average over a sufficiently large number of days). During strong El Niños the 
relative PG at Vostok is generally higher than usual around 8:00–14:00 UTC and lower than usual around 
16:00–0:00 UTC, whereas La Niñas are characterized by the opposite behavior. It is worthy of note that this 
effect is especially pronounced in the case of the 2015/16 super El Niño event.

It is important that simulations with the WRF support the results of PG measurements at Vostok, predicting 
the same effect of the ENSO on the diurnal variation of the GEC. What is even more important, theoretical 
modeling is able to reveal the mechanism behind the observed relationship. According to simulations, con-
vection over the Pacific Ocean intensifies during strong El Niños and lessens during strong La Niñas, while 
convection over the Maritime Continent and South America behaves oppositely. This makes contributions 
of these regions to the GEC higher or lower during ENSO events, which eventually results in the observed 
changes in the shape of the diurnal variation of the GEC.

Data Availability Statement
Hourly PG data from Vostok, source codes and scripts used to analyze the results and plot the images 
are available at https://eee.ipfran.ru/files/enso-gec-2021/grl. The WRF model can be downloaded from 
https://www2.mmm.ucar.edu/wrf/users. Simulations with the WRF model used the ERA5 data (Hersbach 
et al., 2018), downloaded from the Copernicus Climate Change Service (C3S) Climate Data Store, so that 
their results contain modified C3S information 2021; neither the European Commission nor ECMWF is 
responsible for any use that may be made of the Copernicus information or data it contains. A time series 
of monthly Niño 3.4 SST values by NOAA CPC, which was used to compute Niño 3.4 SST anomalies, is 
available online at https://psl.noaa.gov/data/correlation/nina34.data.
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