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Abstract 

The Global atmospheric Electric Circuit (GEC) sustains the fair weather (FW) electric 

field, or potential gradient (PG). In this article, we analyze PG measurements recorded between 

2017 and 2021 at the Instituto de Investigaciones Científicas y Técnicas para la Defensa 

(CITEDEF) in Buenos Aires, Argentina, to calculate the daily PG (FW) curve and examine 
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whether local PG measurements capture the GEC signal. With the aim of supporting future 

common methodologies that do not rely on meteorological data for FW identification - and hence 

aid inter-comparisons, we rely on previously developed statistical methodologies to propose a FW 

selection based on the absolute deviation from the median of the data series. Using this 

methodology we filtered FW days and showed that the local PG (FW) curve had a significant 

correlation of 0.83 with the Carnegie curve. In order to test the extent to which the local daily PG 

(FW) curve captures the global thunderstorm signal, the area of thunderstorms was calculated at 

both global and regional scales using data from the Thunder Hour Database 

(http://thunderhours.earthnetworks.com). The PG (FW) curve was shown to have a good 

correlation with the daily median variation of the global thunderstorm area on both annual and 

quarterly scales. Additionally, the analysis of coincident aerosol optical thickness (AOD) 

measurements by the AERONET network and temperature observations helped to conclude that 

local effects such as pollution from a near highway are not dominating the PG (FW) curve 

behaviour. Both analyses allowed us to conclude that the GEC signal can be detected in Buenos 

Aires. 

 

Highlights 

 The daily PG curve (FW) in Buenos Aires has a correlation of 0.83 with the Carnegie curve 

with 95% confidence. 

 The daily PG (FW) curve in Buenos Aires has a seasonal variation that accompanies the 

global changes of thunderstorm areas. 

 Local effects such as pollution from a near highway are not dominating the PG (FW) curve 

behaviour. 
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Keywords: potential gradient, electric field, fair weather, Argentina, Global atmospheric electric 

circuit 

 

1. Introduction 

The Global Atmospheric Electric Circuit (GEC) is a complex system that can be affected in 

the lower atmosphere by thunderstorms, shower clouds, cosmic rays and aerosols, among others 

(Kumar et al., 2018; Victor et al., 2020). In the middle/upper atmosphere, between the stratosphere 

and the mesosphere, phenomena like transient luminous events also affect the GEC (Victor et al., 

2020). The GEC is a circuit that integrates processes in both the neutral atmosphere and the 

ionosphere. In the upper layers, the ionospheric potential of the GEC can be affected to a greater or 

lesser extent by solar events, lightning, and sprites(Rycroft et al., 2008). 

Electrical activity is not homogeneously distributed across the planet. Blakeslee et al. 

(2014) compared the number of storms observed over the continent and the ocean, and found that 

over land, more than twice as many storms occur compared to those over the oceans. In particular, 

a continental maximum occurs in the northern hemisphere (NH) summer quarter of JJA, where 

approximately 3.5 times as many storms are observed over land. The quarter with the lowest 

number of storms observed over the continent is the DJF quarter. This predominance in the 

number of storms in the JJA quarter is due to the larger continental area in the northern 

hemisphere. In terms of thunderstorms, a similar situation to the number of storms is observed; the 

oceanic regions contribute between 10% and 14% of the total, showing continental predominance 

(Blakeslee et al., 2014; Mezuman et al., 2014). 

Measurements of the atmospheric potential gradient (PG, defined as minus the vertical 
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electric field, E ) have been used to monitor the GEC and analyze the variability of the lower 

atmospheric electricity. PG has been tightly linked to the study of atmospheric electricity since 

1750, when Canton (1753) confirmed the persistence of PG even in the absence of thunderstorms. 

Between 1909 and 1929, the Carnegie Institution made hourly measurements of PG around the 

oceans and showed that the mean daily variation of PG on fair weather (FW) days, hereafter the 

PG (FW) diurnal curve, did not depend on the geographical position at which the measurements 

were taken. This study resulted in the global diurnal climatological variation of FW conditions, 

known as the Carnegie curve (Israel, 1973; Harrison, 2004). The Carnegie curve is characterised 

by a minimum around 3 UTC and a maximum around 19 UTC. Similarly, local PG (FW) curves 

around the world have been analyzed to monitor the GEC (Kamogawa et al., 2015; Harrison and 

Nicoll, 2018; Lucas et al., 2017; Tacza et al., 2021; Velazquez, 2021; Yaniv et al., 2016). Whipple 

(1929) found that the daily variation of the global thunderstorm area has a very high correlation 

with the Carnegie curve, which was found in subsequent studies to be due to the fact that this PG 

signal is maintained across the GEC by thunderstorm and electrified shower clouds (Rycroft et al., 

2000; Liu et al., 2010; Mach et al., 2011; Williams and Mareev, 2014). 

The FW conditions used in the Carnegie Institution’s measurements were selected using 

only positive PG values and no presence of hydrometeors (Sverdrup, 1944). Subsequently, the 

need to identify the meteorological conditions associated with FW became important to analyse 

their associated PG values. Different studies have defined FW conditions on the basis of either 

meteorological parameters (i.e., the meteorological approach) or the behaviour of PG values (i.e., 

the statistical approach). The magnitude of PG on days with FW is usually 100 1Vm  or less. The 

days that are not classified as FW days are defined as Disturbed Weather (DW) days and the 

magnitude of PG on these days can reach 1000 1Vm  or more. Kamogawa et al. (2015) defined 
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FW days as days with no clouds directly above Mt. Fuji, while Harrison and Nicoll (2018), 

Gurmani et al. (2018) and Afreen et al. (2022) included thresholds for wind speed, cloud cover and 

the absence of hydrometeors at the location of the PG measurement. Lucas et al. (2017) and Nicoll 

et al. (2019) among others discussed alternative statistical methods for stations without 

conventional meteorological measurements. Lucas et al. (2017) proposed to use thresholds of the 

deviation from the PG median as a method to identify FW conditions, in order to avoid using 

arbitrary values to define FW and to avoid data contaminated by outliers as it can occur when 

using the mean PG for example - another commonly used approach. Instead, in Nicoll et al. (2019) 

for example, PG (FW) values are identified as those positive PG values that are within 80% of the 

cumulative distribution of PG values. Conversely, for sites where pollution levels and dominant 

wind directions have been documented to cause an increase or decrease in PG, it may be necessary 

to exclude those directions that act as a source (Frank-Kamenetsky et al., 1999). 

There are phenomena that can obscure the GEC signal. One of these phenomena is the 

so-called sunrise effect. At dawn, increased turbulence in the boundary layer transports upward 

positive charges accumulated near the surface. This transport of charges over the gauge can result 

in an increase in PG (Lucas et al., 2017; Afreen et al., 2022). The same turbulence that occurs at 

dawn also transports aerosols. This increase in the amount of aerosols in the air can lower the 

conductivity of the atmosphere resulting in an increase in PG (Anisimov et al., 2018). Pollution, a 

type of anthropogenic aerosol, has an extra contribution in that it is maximised during peak traffic 

hours. For this reason, there are sites where PG values reach their maximum values during hours of 

high vehicular traffic (Tacza et al., 2020). Topography can introduce other types of more complex 

interactions that also alter PG values such as mountain circulations or the formation of a sea of 

clouds (Kamogawa et al., 2015; Yaniv et al., 2017; Afreen et al., 2022). 
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Tacza et al. (2021) analysed the measuring station located in Argentina for a series of 9 

years. They found a correlation of 0.85 and 0.95 between the Carnegie curve and the daily mean 

PG (FW) curves at seasonal and annual scales respectively, with a maximum in the winter months 

(JJA). In Velazquez (2021), the daily mean PG (FW) curve in Buenos Aires, Argentina (see the 

measurement site in Figure 1.a – red star) was calculated using 2 different methodologies to select 

the FW days. In Figure 3.9 of that work, a strong correlation between the two methodologies is 

observed. With both methods, the PG (FW) curves were calculated and showed good 

correspondence with the daily pattern of the Carnegie curve. As for seasonal variations, a pattern 

consistent with seasonal changes in global lightning was observed. Velazquez (2021) further 

demonstrated that it is not always possible to assume that the number of FW days is greater than 

the number of DW days, as assumed in Tacza et al. (2018), as it is highly dependent on local 

conditions. 

Given the usefulness of PG observations for various applications, the motivation of this 

work is to contribute to the analysis of local PG observations in order to improve the 

characterisation of the atmosphere from an electrical point of view. The aim of this work is to 

explore the global thunderstorm influence on the FW electric field in Buenos Aires, more 

specifically at the Instituto de Investigaciones Científicas y Técnicas para la Defensa (CITEDEF, 

34° 19.62’ S, 58° 22.40’ W) or the Buenos Aires Station hereafter, as it will be known from now 

on. In order to achieve this, a preliminary analysis of the effects of pollution and the sunrise effect 

on the PG (FW) curve is first conducted. 

To obtain the PG diurnal curve (FW) and compare it with the Carnegie curve and two other 

continental stations, a period of 5 years – 2017 to 2021 inclusive – was studied. This exercise 

allows, among other things, to determine the representativeness of the local signal for monitoring 
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the GEC. There are a large number of similar studies examining daily mean PG curves under FW 

conditions (Lucas et al., 2017; Nicoll et al., 2019; Tacza et al., 2021; Afreen et al., 2022). 

However, one factor that complicates the comparison is the lack of a clear and documented 

methodology for selecting FW days that can be applied globally. This paper will rely on the 

methodology used in Lucas et al. (2017) to propose a methodology to select FW days that is not 

affected by outlier PG values (Buzás et al., 2022). We seek to analyse the impact of the global and 

regional thunderstorm area and its correlation with the locally observed PG (FW) signal at Buenos 

Aires Station, to deepen the understanding of the impact of the GEC at the study site. For this 

purpose, the aerosol optical thickness (AOD) and temperature data will be analysed to understand 

the importance of local effects in the local PG curve (FW). The AOD is used as a proxy for aerosol 

concentration (e.g., Tacza et al. (2020)) 

Following the reasoning behind this paper, this document will be organised as follows: 

Section 2 describes the data used. Section 3 presents the methodology applied for the selection of 

FW days as well as for the calculation of the daily PG (FW) curve, average daily temperature 

curve, average daily AOD curve and thunderstorm areas. In section 4, the results obtained will be 

shown. Finally, the conclusions of the work will be presented in section 5. 

 

2. Data 

2.1. Potential Gradient 

Figure 1.a shows the geographical location of the Buenos Aires Station (red star) where a 

Campbell Scientific CS110 PG meter is installed. It is located in Greater Buenos Aires, one of the 

largest metropolitan areas in Latin America. The population of this large megalopolis is around 3 

million inhabitants in the city of Buenos Aires and 17 million in the 24 surrounding districts 
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(INDEC, 2022). In contrast to other Latin American cities, the city of Buenos Aires and the 

surrounding area is located on a plain on the banks of the Río de la Plata, which flows into the sea. 

This allows a better ventilation of pollutants than in other Latin American cities (Bogo et al., 

1999). The instrument is located at a height of 2 m above the ground (20 m above sea level). The 

measuring range is ± 21000 1Vm  with a time resolution of 5 s. The sensor is mounted on the roof 

of the institution where other instruments are operating. At a distance of 3 m from one side of the 

building there are some trees, unlike the other 3 sides (see Figure 1.b). It was decided to place the 

instrumentation on the roof in order to have better control of the condition of the trees due to the 

presence of animals that may be roaming around inside the building. Its proximity to some trees 

could affect the long-term variation of the PG variable (Williams et al., 2005; Buzás et al., 2021). 

The variable PG has been measured continuously in the institution from 2017 until the end 

of December 2021 the data are available at http://hdl.handle.net/11336/217041. Its 

location is about 500 metres away from a highway, so the PG data may be affected by pollution. It 

is also worth noting the existence of a large area of parks in the surrounding area should also be 

highlighted, allowing a better dilution of pollutants. 

The local PG curve is compared to other continental stations as well as the Carnegie curve. 

The PG values for the Carnegie curve are taken from Harrison (2004). The CASLEO PG (FW) 

continental curve was provided by J. Tacza at El Leoncito, Argentina, as calculated in Tacza et al. 

(2021). Finally, the Mitzpe Ramon PG curve (FW) named after its measurement site (Mitzpe 

Ramon, Israel) has been taken from Yaniv et al. (2016). Note that the criteria for choosing FW 

days is different and that the location of these sites offer very different environments. 

 

2.2. Atmospheric optical depth and temperature 
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The Buenos Aires station has many other atmospheric instruments. Among them is the sun 

photometer belonging to the Aerosol Robotic Network (AERONET). This passive remote sensing 

instrument is responsible for sensing the properties of aerosols, water vapour and ozone in the 

entire atmospheric column. This instrument works in 8 bands between 340 nm and 1020 nm. The 

extinction in some of the bands are used for the calculation of the aerosol optical thickness (AOD) 

by this network. The uncertainties in the AOD calculation range from ±0.01 in the infrared to 

±0.02 in the ultraviolet. Another instrument that is responsible for sensing the state of the 

atmosphere is the temperature sensor that is part of a Campbell scientific automatic station. Like 

the electric field meter, the temperature sensor stores data every 5 seconds. 

 

2.3. Thunder hours data 

DiGangi et al. (2021) constructed a thunder hour database using the Earth Networks Global 

Lightning Detection Network (ENGLN), which combines ground-based instruments from the 

Earth Networks Total Lightning Network (ENTLN) and the World Wide Lightning Location 

Network (WWLLN). These networks have been shown to have a high detection efficiency 

(Lapierre et al., 2021). The DiGangi et al. (2021) database has a resolution of 0.05°x0.05° in 

latitude and longitude. In the DiGangi et al. (2021) database, thunder hour is defined as an hour 

during which at least two lightning discharges are detected within 15 km of a given point. The use 

of this database allows thunderstorms with a lower lightning rate to be included. In Section 3.2, we 

present the methodology used to calculate thunderstorm area. 

 

3. Methodology 
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3.1. Study of FW Days 

A baseline analysis with all data (2017-2021) is presented first to understand the general 

behaviour of the PG database. As a second step, the days fulfilling a FW condition were selected. 

Given the impossibility of generalising PG thresholds for FW conditions globally and the need for 

a robust statistical approach in the absence of meteorological data, we propose to define the 

absolute deviation from the median (MAD) as they do in the work of Lucas et al. (2017): 

 = (| ( ) |)iMAD median X median X  (1) 

where 
iX  is observation number i, and median( X ) is the median of the whole series. The 

statistical approach we propose is to filter FW days with absolute values of PG greater than 5 

MAD with respect to the median of the complete series in order to eliminate the extreme values. 

Once the days with FW conditions were obtained, the daily mean PG (FW) curve was calculated. 

For this purpose, averages were taken for each of the 1440 minutes of the day. In addition, the 

standard deviation of the daily FW curve was calculated. The series of FW days was also used to 

calculate daily variations on a quarterly and annual scale. 

Note that the PG data could not have an absolute calibration correction as done in other 

studies like Gurmani et al. (2018). For this reason, PG (FW) curves will not be presented in terms 

of their absolute values. They will be shown in terms of the percentage of their mean value. This 

standardisation will also be applied to the standard deviation of the Buenos Aires station. 

 

3.2. Thunderstorm area 

To analyse the impact of thunderstorm areas on PG, we first conducted a local component 

analisys based on Yaniv et al. (2016). In this work, daily mean variations of both AOD and 

temperature on FW days were calculated in order to compare them with the local PG curve (FW). 
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After, to test the extent to which the daily PG (FW) curve in Buenos Aires Station captures the 

global thunderstorm signal, the area of thunderstorms was calculated at both global and regional 

scales. A thunderstorm was defined as any pixel in the global domain of the DiGangi et al. (2021) 

Thunder Hour Database with a positive detection. To calculate the area, pixel was defined as 0.05° 

x 0.05° latitude-longitude. The area of each pixel is then calculated and only those pixels that 

contain an associated thunderstorm are included in the area summation. 

In turn, the world has been divided into 4 regions based on the work of Ccopa et al. (2021): 

Oceania (Oc, 150°E to 120°W), Asia-Australia (AsAus, 60°E to 150°E), Africa-Europe (AfEu, 

30°W to 60°E) and America (Am, 120°W to 30°W). Area summation was then performed for each 

hour of the day at global and regional scales for the complete series of thunder hours. The hourly 

median was then calculated for the 24 hours of the day for the 5 data series (see Figure 1). Based on 

these medians, the curves of daily variations of the thunderstorm area medians were constructed 

for all data series. Daily variations of the quarterly median were also calculated. Finally, the 

correlations of the daily thunderstorm area median curves of the complete series and of the 

quarterly scale with the corresponding daily PG (FW) curves were calculated. Fisher’s 

transformation with a confidence interval of 95 % was used to test their significance. 

 

Figure 1: Map showing the regions used for the thunderstorm area analysis (based on the work of 

Ccopa et al. (2021)). The red lines demarcate the boundaries of the regions. The regions in 

question are Oceania (150°E to 120°W), Asia-Australia (60°E to 150°E), Africa-Europe (30°W to 

60°E) and the Americas (120°W to 30°W). The red star shows the location of Buenos Aires 

Station. b) Satellite image of the Buenos Aires station. The red circle indicates where the 

instruments are installed. c) Photo of the electric field sensor installed at the Buenos Aires station. 
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4. Results 

4.1. Potential Gradient sample analysis 

The frequency distribution of the hourly mean PG observations evaluated (i.e. 1780 days in 

the period 2017-2021) is shown in Figure 2.a, using PG values averaged every minute (1440 data 

per day). In the figure, the vertical axis is constrained to see how the highest frequencies are 

distributed. Between the two dotted lines corresponding to ± 5 MAD (57.14 1Vm ) with respect to 

the daily median (30.11 1Vm ) of the complete series, the highest frequencies of PG occurrences 

are observed. It can be seen that PG has a higher frequency of occurrence between 0 - 50 1Vm , 

and as expected PG values have a predominant order of magnitude lower than 100 1Vm  

associated with FW. A possible daily wave can be seen, with a clear minimum at around 6 UTC. 

This is further shown in Figure 3 which shows the distribution of the daily amplitude of the 

complete PG series and its cumulative frequency. It can be seen that more than 75 % of the days 

have a daily amplitude less than 400 1Vm  and about 70 % of these data are between 0 1Vm  and 

200 1Vm . The remaining 25 % of data with larger amplitudes are distributed over a very wide 

range and show a large variability. 

PG measurements above 5 MAD (approx. 80 1Vm ) in Figure 2.a, i.e. above the FW limit, 

show a relative maximum in the frequency of occurrence at 12 UTC (9 LT) and at 00 UTC (21 LT) 

of PG values close to 120 1Vm . The frequency of these values is between 1 and 2 orders of 

magnitude lower than what is observed within the range defined as FW. These PG values could be 

related to local effects such as pollution resulting from circulation in the highway, but it will not be 

the focus of this study and requieres further analysis. Additionally, PG values above 120 1Vm  
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have a very low frequency of occurrence, and are possibly associated with extreme weather events. 

The behaviour of PG can differ greatly from one day to the next. Figure 2.b shows this 

behaviour. Figure 2.b shows the daily mean value for each day of the complete PG series. It clearly 

shows an annual cycle with peaks in the months of JJA, with some years reaching higher mean 

values than others. In addition, there are days with mean values that differ from the most frequent 

ones, such as those with negative or very positive values. These extreme values may possibly be 

associated with days with storms or precipitating systems. 

 

Figure 2: a) Diurnal variability: Frequency distribution of the hourly mean of PG averaged every 

minute versus hour (UTC). Colours correspond to the frequency of occurrence in days. The black 

solid line indicates the daily median of the complete series and the dashed lines correspond to ± 5 

MAD (57.14 1Vm ). b) Time series: Series of daily average PG values for the complete series 

(2017-2021). The black solid line indicates the daily median of the complete series. 

 

Figure 3: Frequency histogram of the daily PG amplitude for the complete series (2017-2021) in 

bars and its normalised cumulative frequency in red. PG values are one-minute averages of 

samples taken every 5 seconds. 

 

Figure 4 shows the percentage of data belonging to the category FW, DW and missing (na) 

for each month of the year using the proposed methodology. Each data used is an average per 

minute of the 12 measurements taken every 5 seconds. Therefore, missing data were defined when 

more than 25% of the data were missing in that minute. It can be seen that at least 80% of the data 

are available for each month of the year. There is also an apparent annual cycle in the number of 
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FW days. The largest loss of data in August and September is due to a data storage failure. It is 

clear from Figure 3 that it is not possible to assume that the number of FW days is greater than the 

number of DW days, as it depends very much on the climatology of the site being analysed, and 

consequently the importance of establishing methodologies that allow intercomparisons with other 

measurement sites. 

 

Figure 4: Percentage of amount of PG data considered as good weather (FW), disturbed weather 

(DW) and no data (NA) for each month of the year. 

 

4.2. Analysis of PG in Fair Weather (FW) days and its comparison with the 

Carnegie Curve 

Applying the methodology described in section 3 to select FW days, 885 days out of 1780 

(49.72 %) are obtained that meet the criteria. In order to understand how this series varies on a 

yearly basis, Figure 5 shows (a) the hourly median PG (FW) for each month of the year in panel 

and (b) the daily average of the hourly medians. This figure clearly shows a change in the time at 

which the hourly minimum and maximum occur as the months progress. In the winter months 

(JJA) the daily maximum occurs later than in the summer months (DJF). On the other hand, the 

daily minimum shows the same behaviour in both summer and winter, i.e. in JJA the daily 

minimum occurs at times similar to those of the DJF quarter and earlier in the SON and MAM 

quarters. As for the monthly mean of the hourly medians, it can be seen in Figure 5.b that in JJA 

(DJF) the highest (lowest) values occur. 

Figure 5.c additionally shows the diurnal variability of the global thunderstorm area over 

the months of the year in the left panel and the monthly variation of the mean total thunderstorm 
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area median in the right panel for the whole period 2014 - 2021. This figure shows a daily variation 

that changes in the time of its extremes depending on the month of the year. 

 

Figure 5: Variability of PG and global thunderstorm areas: a) 2D histogram of hourly median PG 

(FW) versus time (UTC) and months. Colours correspond to hourly median PG. PG values are 

one-minute averages of the samples taken every 5 seconds. b) Monthly average of the daily 

median values. c) 2D histogram of the hourly median of the thunderstorm area ( 6 210 km ) versus 

time (UTC) and months. The colours correspond to the hourly median of the thunderstorm area. d) 

Monthly average of the daily values of the median of the thunderstorm area ( 6 210 km ). 

 

The daily thunderstorm area maximum reaches its highest values in JJA between 18 and 21 

UTC, corresponding to the SH winter. This quarter is also characterized for having the highest PG 

values too as shown in Figure 5.b. While the minimum thunderstorm area reaches its lowest values 

in the months of JFD as in PG (FW), although the minimum thunderstorm area is observed 

between 0 and 3 UTC, about 3 hours earlier than what is observed for PG (see Figure 5.a). 

Not all local PG (FW) curves exhibit the same behaviour throughout the day. To illustrate 

this, Figure 6 presents the local PG (FW) curves as a percentage of their mean value for CITEDEF, 

Carnegie, Mitzpe-Ramon, and CASLEO. The Mitzpe Ramon curve extracted from Yaniv et al. 

(2016) was obtained from measurements taken in the Negev Desert (850 meters above sea level) in 

southern Israel, while the CASLEO curve was derived from observations made at 2480 meters 

above sea level at the foothills of the Andes in Argentina (Tacza et al., 2021). Figure 6 shows that 

the observation sites located in Argentina, CITEDEF and CASLEO, exhibit a single maximum 

after 15 UTC. In contrast, the site in Israel has two peaks: the first around 11 UTC and the second 
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around 21 UTC. Regarding the time of the minimum value, there is a coincidence in the Mitzpe 

Ramon and CASLEO curves where the minimum occurs at around 4 UTC. On the other hand, 

CITEDEF reaches its absolute minimum around 6 UTC, two hours later than the aforementioned 

stations. Finally, its similarity with the variation shown in 2 can be highlighted, with a minimum at 

hours close to 6 UTC and higher values at later hours. 

 

Figure 6: PG (FW) curves as a percentage of their mean value for: CITEDEF in blue dashed line 

and its standard deviation in pink shading, Carnegie curve (from Harrison (2004)) in red solid line, 

CASLEO in green dotted line (data supplied by Dr. Jose Tacza) and Mitzpe Ramon in magenta 

dashdot line (from Yaniv et al. (2016)). The lower horizontal axis shows the time in UTC hours 

while the upper horizontal axis shows the time in local time (LT). The values in the legends 

correspond to daily averages in FW days. 

 

The amplitude peak to peak of the local curve shows a value close to 30% (15 1Vm ) of 

that corresponding to the Carnegie Curve (45 1Vm ). The mean values do not match either, with 

the local value having a mean of 30 1Vm  and the Carnegie value having a value close to 130 

1Vm . The maxima and minima also show a different hourly distribution. The Carnegie minimum 

is reached at 3 UTC, while the maximum is reached around 19 UTC, the latter associated with 

electrical activity in the Americas, Africa and Europe (there is another peak at 8 UTC associated 

with activity in Asia-Australia) as shown in previous studies. Locally, the PG minimum is reached 

at 6 UTC and a maximum peak is reached at 16 UTC. There is also a positive correlation with a 

confidence level of 95 % and the value of the Spearman correlation coefficient (R) between the 

two curves is 0.83. 
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Analyzing the annual daily mean local PG (FW) curve behaviour, Figure 7.a shows that the 

last 5 years show a similar behaviour in terms of their shape. A difference in their mean values can 

be observed however. Special attention is given to 2020 which has the lowest values, while 2019 

seems to have the highest values. Figure 7.b shows the annual box plots of the daily medians 

calculated for the FW days. A variation of the median (black line) can be seen over the years. The 

dispersion of the data is also different, especially when comparing 2019 and 2021. 

 

Figure 7: Annual variability in the daily PG (FW) curve at Buenos Aires Station: a) Daily mean PG 

(FW) curves ( 1Vm , 2017-2021) by years in colours. These curves are derived from the PG(FW) 

series. b) Boxplot for FW days: daily median PG (FW) ( 1Vm ) for all years analysed (2017-2021). 

Plus signs indicate outliers 

 

In order to assess the local and global effects on the measured curve, the local PG (FW) 

curve in CITEDEF was compared to the average behaviour of temperature and AOD at the 440 nm 

channel for the FW days (885 days between 2017 and 2021) in Figure 8. The results differ from 

what was presented in Yaniv et al. (2016), as there is a clear phase shift between the temperature 

curve and the PG curve; the local PG (FW) curve starts to rise from 6 UTC, while the temperature 

curve does so after 9 UTC. As for AOD, it appears to follow the temperature behaviour but not that 

of PG (FW). This supports the idea that the local aerosol-related effect and the sunrise effect are 

not the dominant factors affecting the local PG (FW) curve. 

 

Figure 8: Daily PG (FW) curve in light blue dashed line (left vertical axis), daily mean temperature 

curve in FW days in purple dash-dotted line (main right vertical axis) and daily average AOD 
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variation on FW days in green dotted line 

(secondary right vertical axis). The lower horizontal axis shows the time in UTC hours while the 

upper horizontal axis shows the time in universal time (UTC). 

 

Therefore, once a simple evaluation of the local effects has been conducted, we proceed to 

compare the local PG (FW) curve with the global thunderstorm area. In order to do this, we 

analyze the diurnal variation of the calculated global hourly median thunderstorm area in Figure 9 

(represented by the light blue dashed line) on the right axis and for different regions on the left 

axis. It can be seen that the regional maxima occurs later in the day the further west the region is 

from 150° E, except for the Oceania region. This oceanic region reaches its maximum 1 hour 

before the time of the African/Asian maximum. The maximum of the Asian/Australian region 

occurs around 8 UTC, that of the African/European region around 15 UTC, that of Oceania around 

14 UTC, and finally that of the American region between 19 and 20 UTC. The shift in the time of 

maximum is consistent with the longitudinal position of the continents and the radiative cycle in 

each region, as the highest temperatures in UTC time are reached later the further west the region 

is located. From the global curve, it can be seen that the minimum median thunderstorm area 

occurs at 3 UTC and the maximum around 19:30 UTC, and that it is very similar to the Carnegie 

Curve Harrison (2004) and the local PG (FW) curve (R = 0.83). 

 

Figure 9: Diurnal variation of the global median thunderstorm area (light blue) associated with the 

right vertical axis and separated by regions on the left vertical axis. The regions used are the 

Americas (burgundy), Africa and Europe (red), Asia and Australia (green) and Oceania (violet). 

The period used for this calculation was 2014-2021. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

To quantify the correlation between the daily PG curve (FW) at Buenos Aires Station and 

the hourly median variation of the thunderstorm area we use the Spearman correlation coefficient. 

Not only at the global scale (Tot on the far left), but also at the regional scale for the regions of 

interest (i.e. America, Africa and Europe, Asia and Australia, and Oceania), and for possible 

combinations of these regions. These correlations are shown in Figure 10. Only significant 

correlations are discussed below, discarding those that are not significant (boxes shown with white 

diagonal lines fill patterns). The correlation between the daily PG curve (FW) and the daily median 

of the global thunderstorm area (Tot) has an R value of 0.83. Therefore, the value of 2R  is 0.689, 

which means that 68.9 % of the daily PG (FW) curve can be explained by the global scale 

thunderstorm area. When combining three regions, the maximum correlation value is reached by 

combining the regions of America, Europe, Africa and Oceania (Am-AfEu-oc) with an r value of 

0.90 (i.e., 2R  value implying 81.0 % of the daily PG (FW) curve can be explained by the sum of 

the thunderstorm areas of these three regions. The minimum is reached by combining Asia, 

Australia, Africa, Europe and Oceania (AsAus-AfEu-oc) with an R-value of 0.67. When 

combining two regions, the maximum correlation is reached by combining Africa, Europe and 

Oceania (AfEu-oc) with a value of 0.93, so the value of 2R  implies that 87.0% of the daily PG 

curve (FW) can be explained by the thunderstorm area of these regions. The minimum is reached 

by combining Africa, Europe, Asia and Australia (AfEu-AsAus) with an R value of 0.69. When 

analysed by region, the highest correlation is found for the Africa-Europe region (AfEu) with an R 

value of 0.95, indicating that 90.3 % of the daily PG curve (FW) can be explained by the 

thunderstorm area of Africa and Europe. The high correlations of both the global scale area and the 

combined or individual regions show that the large scale effect explains more of the daily PG (FW) 
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curve than could be explained by the weather phenomena occurring over the Buenos Aires Station. 

It can also be seen that when combining regions, Asia and Australia (AsAus) contribute to a 

decrease in the correlation values, while Africa and Europe (AfEu) increase them due to the time 

of occurrence of maxima and minima in Africa-Europe with respect to the daily PG (FW) curve. 

The three highest R values (greater than or equal to 0.9) include the AfEu region. 

 

Figure 10: Heat map of Spearman correlation coefficients between the PG (FW) curve ( 1Vm ) 

calculated for the period 2017-2021 and the different combinations of regions, including the global 

thunderstorm area, in the period 2014-2021. Boxes with a white diagonal line pattern indicate a 

lack of significant correlation. Am refers to the Americas, AfEu to Africa and Europe, AsAus to 

Asia and Australia, Oceania to Oceania, and Tot to the sum of all regions. Tests were performed at 

a significance level of 0.05. 

 

The next step is to analyze the seasonal variations of these correlations. Figure 11 shows 

the diurnal variation of thunderstorm area and the local mean PG (FW) curve for the 4 quarters of 

the year (DJF, MAM, JJA, SON). The southern hemisphere seasons will be used in the following 

discussion. A similar behaviour in the two curves can be observed in the spring (SON) and autumn 

(MAM) quarters (see Figure 11.b and Figure 11.d), with PG (FW) minimum values close to 20 

1Vm  and maximum values close to 37 1Vm . On the other hand, the summer quarter (DJF, see 

Figure 11.a) has lower values than the above quarters. The winter quarter (JJA, see Figure 11.c), on 

the other hand, is the one with a daily mean curve with values that always exceed the other three 

quarters and it has a very different behaviour for the late afternoon/night hours. The minimum PG 

for all quarters is observed between 6 UTC and 7:30 UTC, with the JJA quarter reaching the 
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earliest minimum and the DJF quarter at the latest. The maximum PG values for the autumn and 

spring quarter are observed between 12 and 21 UTC. The summer quarter reaches its maximum 

PG values a little earlier, between 14 and 17 UTC. Finally, the winter quarter reaches its maximum 

PG value of around 22 UTC. This quarter is the only one to reach its maximum PG values after 20 

UTC. 

 

Figure 11: Daily PG (FW) curves (dashed lines) and Daily variations of the global median 

thunderstorm area (solid lines) by quarters: a) December-January-February (DEF), b) 

March-April-May (MAM), c) June-July-August (JJA) and d) September-October-November 

(SON). Daily PG (FW) curves are derived from the FW-EE series. Daily variations of the global 

median thunderstorm area have been calculated for the period 2014-2021. 

 

To quantify the relationship between the global thunderstorm area and the mean PG (FW) 

curve, Figure 12 is shown. The Figure shows the Spearman’s correlation coefficient between PG at 

the quarterly scale and the daily variations of the median total thunderstorm area for each quarter 

of the year (summer: DJF, autumn: MAM, winter: JJA and spring: SON) at global, regional and 

different combinations of the 4 study regions. Figure 11.c shows the highest values of both 

thunderstorm areas and PG(FW) in the JJA - the winter (summer) quarter of the southern 

(northern) hemisphere. The lowest values are reached in the DJF (see Figure 11.a), winter 

(summer) quarter of the southern (northern) hemisphere. Southern hemisphere spring (SON) 

exceeds southern hemisphere autumn thunderstorm area values. An analysis of the correlation 

values in Figure 12 shows a good positive correlation between the quarterly PG curves and the 

global thunderstorm area curves (Tot), with a maximum correlation in summer and spring (R= 
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0.81) and a minimum in winter (R= 0.79). As in Figure 10, values with a line indicate the absence 

of a significant correlation (p < 0.05). 

The daily variations of the median thunderstorm area in all quarters show 2 maxima, one 

absolute and one relative (see Figure 11). The absolute maximum corresponds to the time at which 

the maximum thunderstorm area occurs in the American region after 15 UTC, except in the MAM 

quarter (see Figure 11.b). The relative maximum, except in the MAM quarter which represents the 

absolute maximum, corresponds to the time when the maximum thunderstorm area occurs in 

Africa and Europe (between 12 and 15 UTC). In the summer (DJF) and spring (SON) quarters(see 

Figure 11.a and Figure 11.d respectively), there is a second relative maximum, in this case 

associated with the rest of the continental region, Asia and Australia, which occurs before 8 UTC. 

When analysing the maxima of the daily PG (FW) curves, it can be observed that the JJA quarter 

has the absolute maximum around 22 UTC, which coincides with the absolute maximum of the 

daily variation of the median thunderstorm area of the same quarter. The other quarters have their 

maximum between 15 and 17 UTC. 

It can be seen that the total thunderstorm area does not have the highest correlation with the 

PG (FW) compared to other regional combinations in Figure 12. In the breakdown of the regional 

thunderstorm areas and possible combinations, it can be seen that when three regions are 

combined, the combination of America, Africa, Europe and Oceania (Am-AfEu-oc) (see Figure 

10) are again the combination that reach the highest R values in most quarters (except for SON 

when it is AfEu and AfEu-oc). The highest correlation is obtained in the MAM quarter (R=0.96). 

When combining two regions it is not the same as in Figure 10, the highest correlations are 

generally obtained when combining America, Africa and Europe (Am-AfEu). The maximum 

value of R is reached in the MAM quarter and the minimum in SON. For DJF, when PG (FW) 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



mainly shows the lowest seasonal values, the maximum correlation is with Africa, Europe and 

Oceania (AfEu-Oc), while for the quarter in which the maximum of the daily PG (FW) curve 

occurs, JJA, the maximum correlation is with America, Africa and Europe (Am-AfEu). As for the 

correlation values of the regions at the individual level, the Africa and Europe region is the only 

one with significant values in all 4 quarters. This region also has the highest correlation values 

when compared with the significant correlations of the other regions. 

 

Figure 12: Heat map of Spearman correlation coefficients between PG( 1Vm ) at the quarterly level 

in the period 2017-2021 and the combination of regions and global thunderstorm area at the 

quarterly level. Values with a line indicate a lack of significant correlation. Am refers to the 

Americas region, AfEu to Africa and Europe, AsAus to Asia and Australia, Oceania to Oceania 

and Tot to the sum of all regions. Tests were performed at a 0.05 level of significance. 

 

5. Conclusions 

In order to make future comparisons, this paper proposes to use a methodology for 

selecting FW days that does not require meteorological data and/or elimination of days with 

arbitrary thresholds. For this purpose, the definition of deviation proposed by Lucas et al. (2017) 

and the median are used to define a methodology that identifies FW days. By applying this method 

in the analysis of PG variability (FW) at Buenos Aires Station, it was possible to distinguish a daily 

variation throughout the year that reaches a maximum in the winter months (JJA) and a minimum 

in the summer months (DJF), as previously reported by Tacza et al. (2018) for San Juan. There is 

also a shift in the time of both the daily maximum and minimum as the year progresses. As for the 

annual variation, it has an amplitude of about 10 1Vm , which is similar to the order of magnitude 
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observed in Lucas et al. (2017). 

The results show that the daily PG (FW) curve has a good correlation with the Carnegie 

curve (R=0.83). This result is expected, since in Velazquez (2021) a good correspondence had 

already been found in Buenos Aires Station between the Carnegie Curve and the daily mean PG 

(FW) curves using two different FW methodologies, one statistical and the other meteorological. 

Similarly, Tacza et al. (2018) had found a correlation of 0.94 for San Juan. The good correlation 

shows that the methodology chosen in this work successfully selects FW days that detect the GEC 

signal, which is desirable for future studies. 

In the analysis between AOD, temperature and PG, it was observed that the local effects do 

not have a predominant effect on the PG (FW) daily curve. On this basis, we proceeded to study 

the global thunderstorm effect from the GEC on the PG (FW) curve. Thunder hour data from 

DiGangi et al. (2021) was used to calculate the thunderstorm area and verify whether the local 

daily mean PG (FW) curve was capturing the global thunderstorm signal. The global thunderstorm 

area showed a similar monthly behaviour to that of the PG (FW) series. Similarly to PG (FW) 

values, maximum thunderstorm areas were observed in the JJA quarter and minimum areas were 

observed in the DJF quarter as previously shown in the work of Adlerman and Williams (1996). 

This is explained by a larger continental area in the NH than in the HS (Mezuman et al., 2014). 

Regarding the monthly pattern with respect to the time of the day, a great similarity is observed 

both in the PG (FW) field and in the thunderstorm areas, indicating a good correspondence 

between the two variables. The correlation between the local PG (FW) curve and, both the total 

thunderstorm area and the area for different regions of interest (i.e., Oc., AsAus., AfEum and 

America) and their possible combinations was analysed. The local mean PG (FW) curve is highly 

correlated to the total thunderstorm area (R=0.83), Am-Af-Eu (R=0.88) and Af-Eu (R=0.93). This 
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indicates that the global thunderstorm signal is captured well by the local daily PG (FW) curve at 

Buenos Aires Station. Similar correlations were found in the seasonal analysis. 

The daily median global thunderstorm area curve shows 3 maxima associated with the 3 

regions with the largest land masses, the Americas, Africa/Europe and Asia/Australia. The 

calculated positions of the maximum and minimum associated with each region correspond to 

those previously show by calculated by Peterson et al. (2018). Similarly, Blakeslee et al. (2014) 

using flash per seconds, a very different approach, reached a similar conclusion. This is important 

because it shows that the calculated thunderstorm area is a good proxy to represent the GEC and its 

correlation with the local curve. 

The results obtained show that the methodology used in this work is robust and it can be 

used in the absence of meteorological data. This methodology will be the basis for future work, as 

its performance has shown that it is able to preserve the large-scale thunderstorm area signal and 

therefore the GEC signal. The results presented suggest that the aerosol effect, the sunrise effect, 

and/or their combination may not be the dominant factors influencing the behaviour of the local 

PG (FW) curve. However, future work will specifically analyse the impact of pollution, industrial 

activities, construction sites, and natural dust sources on local PG (FW) measurements in Buenos 

Aires. 

 

Data availability 

The datasets are freely available to the scientific community in the CONICET repository: 

http://hdl.handle.net/11336/217041. 
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 The daily PG curve (FW) in Buenos Aires has a correlation of 0.83 with the Carnegie curve 

with 95% confidence. 

 The daily PG (FW) curve in Buenos Aires has a seasonal variation that accompanies the global 

changes of thunderstorm areas. 

 Local effects such as pollution from a near highway are not dominating the PG (FW) curve 

behaviour. 
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