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Characterizing the interaction between meteorological variables such as humidity, wind speed, cloud cover, and
precipitation with the atmospheric electric field is vital for improving the nowcast of extreme weather events
such as heavy precipitation. With this aim, we provide minute-scale electric field observations in southern Israel.
These were taken during low-pressure weather systems in winter, often termed ‘Cyprus Lows.” We focus only on
precipitating (‘wet’) events, where rain was measured at the surface during and after the cold front’s passage.
The mean |PG| values for ‘wet’ Cyprus Lows are higher (Hundreds to thousands V m™~!) compared with the mean
fair-weather values (~100-200 V m™?, and exhibit a sharp and rapid increase of the |PG| of up to tens of Vm !
min~! during the arrival of the cold front and hundreds of V m~' min~! during precipitation. Then, we analyzed
selected case studies in detail. The response of the |PG| to thunderstorm clouds, i.e., Cumulonimbus, is an in-
crease to values of thousands of V m~1. The temporal evolution of the |PG| allowed us to identify the type of
cloud and its life cycle stage. We suggest that using state-of-the-art 1 Hz measurements of the |PG| and deducing
cloud patterns at strategic locations, such as in arid regions like southern Israel, may improve the nowcasting

capabilities of localized heavy precipitation events.

1. Introduction

The atmospheric Potential Gradient (or PG) is crucial in studying
Earth’s global electrical circuit. Previous studies have demonstrated that
the global distribution of lightning activity and shower clouds influences
the PG. One well-known example is the ‘Carnegie curve,” which is a
century-old representation of the diurnal variation of the PG at the
surface under fair weather conditions, with values ranging from 100 to
300 V m™! (Torreson et al., 1946; Israél, 1970; Rycroft et al., 2008;
Rycroft et al., 2012; Harrison, 2013; Harrison and Nicoll, 2018).

Various natural meteorological and anthropogenic conditions influ-
ence the PG. These include dust storms, snow, pollution, clouds, fog,
variations in wind speed, and relative humidity. A plethora of studies
have reported significant variations in PG values, ranging up to thou-
sands of volts per meter for dust events, hundreds of volts per meter for
fog and pollution events, and tens of volts per meter for cloud events
with no precipitation (Aplin, 2012; Nicoll and Harrison, 2016; Yair
et al., 2016; Yaniv et al., 2016, 2017; Yair et al., 2019; Harrison et al.,
2020; Karagioras and Kourtidis, 2021; Kourtidis et al., 2021; Afreen

et al., 2022; Nicoll et al., 2022; Yaniv and Yair, 2022,).

Characterizing the interaction between the electric field and pre-
cipitation may improve our ability to nowcast heavy precipitation
events (Wu et al., 2024) or fog (Yair and Yaniv, 2023; Miller et al., 2024;
Harrison and Riddick, 2024). Previous studies have reported that rain
carries a charge, causing vertical current (up to 1000 x 107° A ecm ™),
which produces electric fields. The assumption was that the higher the
rain rate, the stronger the currents were (Simpson, 1910; Chalmers,
1951). However, this hypothesis has not been validated yet. Case studies
of rainy events and their effect on the electric field have been analyzed
by Takeda et al. (1976) in Japan, Reuveni et al. (2017) in northern
Israel, and Karagioras and Kourtidis (2021) in Greece. Results from
Japan imply a positive correlation between rain rate and peak electric
field values, with PG values reaching up to 700 V m ™~ for rain rates up to
100 mm h™! (Takeda et al., 1976). Weak rain rates of up to 5 mm h!
and PG enhancements of up to 3500 V m~! were reported by Reuveni
et al. (2017). Karagioras and Kourtidis (2021) have reported PG values
of up to 5000 V m~! during rain rates of up to 1 mm h~!. Higher rain
rates of ~4 mm h™! have shown lower PG values of up to 2000 V m".
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‘Wet’ Cyprus Low events with the following columns: mean |PG| (V m™'), median daily |PG| (V m™1), |PG| difference range A|PG| [V m~'], rate of |PG| change A|PG|/
At [Vm ™! min~'], At of the front (minutes), mean Humidity [%], median humidity [%)], range of humidity AH [%], rate of humidity change AH/At [% min'].

Event Date Mean |PG| [V Median |PG| [V A|PG| [V A|PG|/At [V At Mean Humid Median Humid AH AH/At
m™'] m™'] m™'] m™'/min] (minutes) [%] [%] [%] [%/min]
6-11.1.2014 2059 60 51-15,009 49.8 300 87 86 8291 0.03
11-13.12.2014 1105 157 193-14,049 54.7 220 62 58 46-86 0.18
5-9.1.2018 839 56 52-15,293 80.2 190 77 77 67-87 0.11

More recent studies have quantified the effect of convective clouds
on the electric field. Indeed, the authors have found different electric
field responses for each stage of the Cumulonimbus cloud lifetime, i.e.,
growth stage, mature, and dissipation (Bennett and Harrison, 2007;
Pustovalov and Nagorskiy, 2018a, 2018b). We refer to the appendix for
a reproduced figure from Pustovalov and Nagorskiy (2018a) of the PG
responses, which will be compared to our findings later in this paper
(Fig. 4).

During the winter in Israel, rain events are primarily linked with a
low-pressure system often termed ‘Cyprus Low’ because of their mean
cyclogenesis region to the west of Cyprus and their transition across the
Mediterranean over Cyprus (Alpert et al., 1990). Cyprus Lows typically
form during the cooler months, from autumn through spring (Alpert
et al., 2004; Hochman et al., 2018). The influence of the system can
extend over a larger region, including parts of Turkey, Greece, Israel,
and surrounding coastal areas (Alpert et al., 2004). Cyprus Lows are
mid-latitude extra-tropical storms lasting ~1-4 days (Osetinsky and
Alpert, 2006; Hochman et al., 2019). When cool air is transported from
the eastern part of Europe over the warm waters of the Mediterranean
Sea, it becomes moist and unstable (Alpert et al., 2004). Over Israel, this
is manifested in increased cloud cover, strong winds, and precipitation,
ranging from scattered showers to more persistent and heavy rainfall
and thunderstorms (Hochman et al., 2019). Almost 90 % of the annual
rainfall occurs in Israel between November and March and is associated
with Cyprus Lows. Rainfall in the arid south of Israel is determined by
the location of the low-pressure minimum center, which dictates the
direction of the wind that funnels moisture toward that region (Saaroni
et al., 2010).

This study aims to characterize the interconnections between
minute-scale ground-based PG measurements and various meteorolog-
ical variables during Cyprus Low events, including humidity, wind
speed, and cloud cover, focusing on precipitation. The manuscript is
organized as follows: Section 2 outlines the data used, including in-situ
PG measurements, meteorological reanalysis products, and satellite in-
formation. Section 3.1 provides a climatological and selected case study
view of the interdependence between the electric field and meteoro-
logical variables. Section 3.2 characterizes the link between PG values
and the life cycle of individual clouds. Finally, Section 4 discusses the
main findings and concludes the study.

2. Data and methods
2.1. Field observations and atmospheric data

We base our analysis on in-situ observations of the PG. We used a
calibrated CS110 field mill produced by Campbell Scientific Company
(http://www.campbellsci.com/cs110-sensor) for electric field mea-
surements at a sampling frequency of 1 Hz. The station’s altitude is 850
m above sea level in an arid, rocky area with a typical Mediterranean
desert climate of hot and dry summers and cold winters. The average
precipitation is 80 mm y ™!, mainly from December to February (ac-
cording to the Israel Meteorological Service). Electric field measure-
ments are available from January 2015 until October 2017. The data is
saved locally and uploaded to the GloCAEM database (GLObal

Coordination of Atmospheric Electricity Measurements) at Reading
University (Nicoll et al., 2019). In addition to the electric field mea-
surements, the Wise Observatory operates an automated meteorological
weather station recording various atmospheric variables, including
temperature, humidity, pressure, and wind. For a detailed description of
the instruments located at the Wise Observatory near Mitzpe Ramon
(30°35’N, 34°45°E; Fig. 2D), we refer the reader to Yaniv et al. (2016,
2017).

To understand the influence of aerosols on the PG, we use the
AERONET (AErosol RObotic NETwork) ground-based remote sensing
aerosol stations established by NASA (Holben et al., 1998). These sta-
tions provide globally distributed observations of aerosol parameters,
including Aerosol Optical Depth (AOD). The AERONET station in Israel
is located in Sede-Boker, approximately 20 km north of the Wise Ob-
servatory (30.855 N, 34.782E).

To analyze the atmospheric conditions during precipitation events
associated with Cyprus Lows, we produced maps of mean sea level
pressure, surface temperature, cloud coverage, and precipitation ob-
tained from the ERAS5 reanalysis with hourly temporal resolution and
0.25° x 0.25° grid-spacing (Hersbach, 2016). ERAS is the state-of-the-art
global atmospheric reanalysis product the European Centre for Medium-
Range Weather Forecasts (ECMWF) provides.

To analyze single cloud life cycles and their relationship with PG
values, we used the cloud product and precipitation data obtained using
the Worldview open-source code website (https://worldview.earthdata.
nasa.gov/). The Moderate Resolution Imaging Spectroradiometer
(MODIS) is a sun-synchronous orbiter that passes once a day (midday)
over Israel and combines infrared and visible observations to determine
cloud parameters, such as cloud top pressure and temperature, onboard
NASA’s Terra and Aqua satellites. NOAA’s Visible Infrared Imaging
Radiometer Suite (VIIRS) uses radiometric bands covering wavelengths
from 0.41 to 12.5 pm on board the Suomi National Polar-Orbiting
Partnership (Suomi NPP) spacecraft. It provides cloud optical thick-
ness and cloud top height data. In addition, we used the Integrated
Multi-satellite Retrievals for the Global Precipitation Mission (IMERG)
algorithm, combining information from the Global Precipitation Mission
(GPM) satellite constellation providing precipitation rates.

2.2. Classification of ‘wet’ events associated with Cyprus Lows

We employ the semi-objective synoptic classification algorithm
developed by Alpert et al. (2004) and upgraded in Ludwig and Hochman
(2022). This classification effectively represents the regional hydro-
climate conditions in the Eastern Mediterranean, with a particular
emphasis on Cyprus Lows, which are central to this study (Saaroni et al.,
2010; Shalev et al., 2011; Dayan et al., 2012; Hochman et al., 2018). The
algorithm utilizes daily mean surface air temperature, sea level pressure,
and 500 hPa geopotential height fields from the ERA5 reanalysis data for
the Eastern Mediterranean region (27.5°N-37.5°N; 30°E-40°E). The
reader is referred to Alpert et al. (2004) for further details.

Following the classification of Cyprus Low events, we selected
several events during 2014-2020 when electric field and weather ob-
servations were readily available from the Wise Observatory station (see
Section 2.1). These events were further classified into ‘wet’ events since
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Fig. 1. A Cyprus Low event on 5-10 January 2018. — (A) |PG| in V m ™! and weather parameters from 5 January 2018 (B) Zoom-in on the Humidity, Rain rate, and |
PG| on 5 January, (DEF) ERAS reanalysis data of Mean Sea Level Pressure in Pa of the entire event, (GHI) cloud coverage, and (JKL) total precipitation in mm. The
highest peak in the |PG| on 5 January (A) corresponds to the passage of convective clouds with the electric field signature and will be covered in detail later in the

paper. Red dots are the locations of the CS110 E-field mill. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Table 2
Eight days of rain events with maximum daily |PG| recorded during rainfall.
Date Precipitation Rate [mm min~'] Max |PG| Date Precipitation Rate [mm min '] Max |PG|
2014-01-10 10 15,706 2018-01-27 4.5 8210
13 15,628 1 6150
2014-02-16 5 17,635 2018-02-13 2 5033
2.5 17,364 5 4598
2018-01-05 3 15,293 2018-02-23 8 13,479
2018-01-06 12 2500 2 8807
2018-01-19 1.2 11,853 8.5 6210

there was measurable precipitation at the site.
3. Results

3.1. The arrival of a ‘wet’ cold front of Cyprus Lows and the potential
gradient response

First, we study the relationship between the electrical response at
ground level and various meteorological variables (Table 1 and Fig. 1) of
the Cyprus Low. The measured electric field values were transformed to
the magnitude of the Potential Gradient (|PG|) throughout the paper
(PG = — Ez). Cyprus Lows are subject to variations in humidity and
different cloud heights, i.e., low, alto, and high in southern Israel during
the arrival of the cold front. Indeed, precipitation often occurs over
northern and central Israel but not over the southerly arid regions. This
links with the cyclone’s location, depth, and the Mediterranean coast’s
orientation (Enzel et al., 2008; Saaroni et al., 2010).

Fig. 1 provides an example of a ‘wet’ Cyprus Low event from 5 to 10
January 2018. A low-pressure system over Cyprus is observed, leading
to north-western winds from the Mediterranean Sea into southern Israel
and the Negev Desert. Fig. 1A shows the weather parameters (temper-
ature, pressure, wind, humidity, rain rate) and |PG| indicating the drop
in pressure and the increase of moisture and wind speed. This low-
pressure system moves eastward according to the pressure maps
(Fig. 1CDE), accompanied by a low cloud base, at altitudes ranging from
800 to 1600 m, advancing from the coastal area toward southern Israel
in the morning hours till noon time (Fig. 1FGH). The passage of exten-
sive convective clouds over the station resulted in notable peaks in the
atmospheric |PG| (Fig. 1A) from 3:00 to 15:00 on 5 January 2018. One
of these clouds precipitated over the station (Fig. 1A and 11JK), as
indicated by the peak of 15 k V. m~! (Fig. 1A), which will further be
analyzed (See Section 3.2 and Fig. 3D). Fig. 1B shows a zoom-in on the
arrival of the front, i.e., the time of the increase of humidity (H) and the
precipitating cloud. The At is the time interval of the of the passage of
the cold front reflecting the rise in humidity (H) from the lower humidity
value to the higher humidity value (190 min), ranging from 67 % to 87
% with a rate AH/At of 0.11 [% min~']. The average |PG| increase rate
A|PG|/At is 80.2 [V m~! min~!] with a mean |PG| value of 839 Vm™!
and median |PG| value of 56 V. m™".

Two more ‘wet’ Cyprus Lows case studies are shown in Table 1,
displaying broadly similar humidity and |PG| range results during the
front entrance. We remind the reader that the daily mean |PG| fair-
weather value at the Wise Observatory is 186 V m~! (Yaniv et al.,
2016) and that humidity is a factor that causes an increase of ~hundreds
of Vm~! above fair-weather values during times of >95 % (Yaniv et al.,
2016; Yair and Yaniv, 2023). The higher values of |PG| in these events
are due to low cloud base height and high humidity (Fig. 1B and FGH)
and the electric charge carried by the rain droplets (see Section 3.2).
These contribute to the overall |PG| values, which are affected by the
absence or presence of different types of clouds, especially the charged
low ones (Harrison et al., 2020; Yaniv and Yair, 2022).

3.2. The impact of precipitation on potential gradient values

Depending on available data, we analyzed eight rain events (Table 2
and Figs. 2) at the Wise Observatory. The weather station recorded data
on rain rate (mm min ") and ground level |PG]|.

Fig. 2A-D presents examples showing the substantial increase in the |
PG| values due to direct rain on the station. There is a positive corre-
lation between the |PG| and the occurrence of rain; the |PG| increases
dramatically up to ~18 kV m~! under direct rain, but we can see that
there is no correlation between the magnitude of the rain rate and the
increase in the |PG| as seen from the results in Table 2. We see high rain
rates (>5 mm min~1) associated with |PG| variations of 2.5-15 kV m!
and low rain rates (<5 mm min~') accompanied by |PG| variations of
6-17 kv m™.

Other |PG| peaks were not associated with direct rainfall but with the
passage of electrified convective clouds at different life stages (see
Fig. 4). The range of |PG| values due to direct rainfall at the site was a
mean of 10,604 V m ™! ranging from 2500 to 17,000 V m~!. None of the
signals were associated with lightning discharges. Lightning was
excluded by mapping lightning strike occurrences using data from the
lightning detection system of the Israeli Electric Corporation (Shalev
et al., 2011).

The rain event of 5 January 2018 was associated with a deep Cyprus
Low system (Fig. 3A), with convective and non-precipitating shower
clouds covering almost the entire region (Fig. 3B). The AERONET AOD
values indicated aerosol contribution to the |PG| increase (Fig. 3E). The
measured aerosol values during the events were compared to fair
weather values, with the threshold for AOD aerosol fair weather values
in Mitzpe Ramon set at 0.3 to neglect the dust factor as a dominant one
(Yanivetal., 2016; Yair et al., 2016). Previous studies have shown a |PG|
increase of up to 2000 V m~! during dust outbreaks with AOD values
higher than 1.5-2 (Yair et al., 2016; Katz et al., 2018). Fig. 3E shows
AOD product level 1 values of fine and large particles in the range of
0.4-0.7, which are slightly above the fair-weather threshold. Fig. 3D is a
zoom-in on the rain peak during the front (Fig. 1B) and shows high
values of humidity (78-87 %), the rain rate (up to 3 mm min1), and the
|PG| variations (up to 15,500 V m~!). The A|PG|/At of the event is
764.5V m ™! min~?, indicating the strong and fast response of the |PG| to
rainfall. The event is accompanied by increased cloudiness and thick
charged clouds, high relative humidity, and a change in wind direction
and intensity (Fig. 1A). In essence, this is not like the suggestion to use |
PG| increase as a predictor of fog (Yair and Yaniv, 2023; Nelli et al.,
2024). The increase of the AOD (Fig. 3E) in the morning hours correlates
with the increase in the wind speed. Katz et al. (2018) reported a |PG|
increase of a few hundred

V m~! when AOD values reached >3. The measured values during
the reported case study are well below, and their |PG| response is
negligible compared to the thousands of V m™! responses from the
convective front. The |PG| behavior exhibits multiple peaks (marked A-
G), with the strongest signal (B) reaching up to 16,000 V m~! and
associated with a rain rate of up to 3 mm min~! (Fig. 3D).

While Table 1 summarizes the results of the entire cold front, Table 3
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Table 3
‘Wet’ Cyprus Low events with the following columns: rate of |PG| change A|PG|/
At [Vm ™! min~!], At of the precipitation (minutes).

Event Date Rain Period At A|PG|/At [Vm™/
(minutes) min]
6-11.1.2014 30 500.3
Percipitation ~ 11-13.12.2014 20 701.8
5-9.1.2018 20 764.5

depicts a detailed minute-scaled analysis of the peak of the precipitation
associated with the three ‘wet’ Cyprus Low events. We observe a steep
increase to high |PG| values in a short period with a A|PG| rate of

hundreds of Vm~! min~ .

3.3. Characterizing the life cycle of single clouds using the potential
gradient

We further analyzed other electric field maxima, which were found
to be associated with convective non-precipitating clouds or drizzle at
different stages passing over the station and are consistent with previ-
ously published measurements (Fig. 4; Bennett and Harrison, 2007;
Pustovalov and Nagorskiy, 2018a, 2018b). The passage of clouds above
the station induces strong electric field variations with an average time
scale of 10-15 min. The rain period (Fig. 4B) depicts the stronger values
(up to 16 V m™1), and the pattern agrees with past observational and
model results (Bennett and Harrison, 2007). The other stages (Dissipa-
tion, growth, and early steps) however, reached values of several

thousand V m~".

4. Discussion and conclusions

We characterized the relationship between electric field measure-
ments in the Negev Desert, southern Israel, and various meteorological
variables during low-pressure systems in winter, often termed ‘Cyprus
Lows.’

Analysis of Cyprus Low events revealed significant humidity and
cloud coverage variations in the studied region. The mean |PG| values
during ‘wet’ events were significantly higher (up to 16 kV m™') when
compared to results from fair weather, cloudiness, and fog values (Yaniv
et al., 2016; Yaniv and Yair, 2022; Yair and Yaniv, 2023) indicating the
influence of rain rates, humidity, and heavy cloud cover on |PG| values.
Low Cloud act as resistors in the Global Electrical Circuit (Rycroft et al.,
2008; Rycroft and Harrison, 2012; Baumgaertner et al., 2014), as they
increase columnar resistance of the air due to cloud particles attaching
to free ions, hence increasing the surface |PG]|.

Our analysis of rain events showed a substantial |PG| increase during
‘wet’ events, with values reaching 16,000 V m 1. This highlights the role
of rain in enhancing the Potential Gradient, likely due to the substantial
charge transfer to the ground during rainfall (Chauzy and Despiau,
1980; Soula et al., 2003). Interestingly, while significant Potential
Gradient enhancements were observed with rain events, we found no
consistent correlation between the rain rate and the Potential Gradient
magnitude. This suggests that factors other than rain intensity, such as
the type of precipitation and the rain droplets’ electrical properties,
might influence the electric field as droplets carry charge (more often
positive than negative; Soula and Chauzy, 1997) that leads to a complex
behavior of the |PG| at the surface, which may weaken or reverse its
polarity. Understanding these properties was out of the scope of the
present study and will be addressed in future ones.

The passage of convective clouds resulted in notable peaks in the |
PG|. Convective clouds precipitating over the station led to further |PG|
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enhancements. We quantified the increase of the |PG| to thousands of V
m™}, with typical values ranging between 2 and 7 kV m ™ from the usual
fair-weather values of ~100-200 V m~!. Finally, we identified
convective clouds and their unique polarity patterns and can charac-
terize their life-cycle stage. Indeed, lower effects on the |PG| from non-
shower clouds (alto, cirrus) are negligible since their |PG| variations
(~10 V m™!) are too small compared to the precipitating and non-
precipitating convective shower clouds (Yaniv and Yair, 2022).

We note that winter clouds in Israel are Cumulonimbus at various
stages of development, while the clouds in the UK are also stratiform
(Nimbostratus). The charge structure of developing and mature Cb
would be a normal dipole and may include a low positive charge center
(see Williams, 1989). Stratiform clouds, on the other hand, are likely to
display a normal polarity structure, with a positive charge above a
negative charge (Nicoll and Harrison, 2016; Harrison et al., 2020). The
total charge in convective clouds is expected to be much larger
compared with stratiform clouds, so the effects on the |PG| at the surface
would be different in magnitude and polarity.

As a caveat, we note that although we analyzed a few selected case
studies in detail, our analysis is limited by the number of ‘wet’ events
recorded in a mostly arid region, including electric field measurements.

Overall, the study highlights the critical role of electric measure-
ments in understanding extreme weather events. The data from southern
Israel suggests that electric field variations may serve as valuable in-
dicators of impending severe weather events, but additional analysis is
required to ascertain this statement. This is particularly true for regions
located on the boundary of desert areas, where small lateral distances
may be susceptible to large differences in weather and precipitation
regimes. Indeed, in the studied area, tiny variations in the location of the
low-pressure system may inflict very different atmospheric conditions
and weather (Saaroni et al., 2010). Future analysis of this dataset will
delve deeper into the electric signals to understand cloud structure and
the possibility of predicting rain using such strong variations in the
derivative of the PG (e.g., Wu et al., 2024). We, therefore, conclude that
implementing cloud-pattern measurements during growth and early
mature stages of the electric field at strategic locations may significantly
enhance extreme weather nowcasting capabilities in Israel and other
sensitive regions in providing in-situ warning to the possible occurrence
flash floods. This will ultimately contribute to better preparedness for
weather extremes in a changing climate.
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Fig. 4. Electric field (V m ™) of Cumulonimbus convective clouds during their passage over the station at dissipation stage ~02:20 (A), precipitation stage ~6:00 (B),
Growth stage ~8:15 (C), ~9:00 (D) and ~ noon (E), dissipation stage ~14:05 (F) and mature stage late step ~15:35 (G).
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Appendix A. Appendix

Electric field patterns feature the electric field variations during the
passage of Cumulonimbus clouds at various stages, i.e., growth, matu-
rity, and dissipation, which agree with past studies. The patterns are
reproduced from Pustovalov and Nagorskiy, 2018a.

Data availability
Data will be made available on request.
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