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A B S T R A C T   

For the first time, the changes in the atmospheric electric field (Ez) during foggy conditions is studied in a hyper- 
arid region; the United Arab Emirates (UAE), using comprehensive measurements during the Wind-blown Sand 
Experiment (WISE)-UAE. The longer the fog persists, the more variable Ez becomes, primarily due to the fog’s 
ability to absorb and redistribute the charges of the atmospheric small ions. This absorption alters the ion bal
ance, affecting electrical conductivity within the atmosphere, which in turn leads to sustained alterations in Ez. A 
record high Ez value of 2571 V m− 1 was measured during a long-lasting fog event. Ez values returned to normal 
during the fog dissipation phase. The results of this work can be applied to develop techniques for fog harvesting 
and to improve fog forecasting by accounting for the effect of the electric field on fog lifetime and characteristics.   

1. Introduction 

Fog is a prevalent weather phenomenon several arid regions such as 
the Empty Quarter desert in the United Arab Emirates (UAE), positioned 
on the northeastern side of the Arabian Peninsula. Even though it is 
primarily an arid country with desert landscapes dominating its terrain, 
most events causing visibility to drop below 1 km in the UAE are 
attributed to condensation processes rather than dust occurrence 
(Aldababseh and Temimi, 2017). Except along the east coast, fog in
cidences in the UAE typically increase during the cooler months of 
December to March (Mohan et al., 2020) and are predominantly due to 
radiative cooling processes, as outlined in Weston et al. (2021). During 
daytime, sea-breeze circulations transport moisture-laden marine air 
inland. As night falls, the rapid cooling of the surface engenders a shift 
from the sea-breeze to a gentler land-breeze, leading to the entrapment 
of the moist air inland. The potent radiative cooling instigates the cre
ation of a stable boundary layer, bringing the entrapped air masses to 
saturation and culminating in the formation of fog (Temimi et al., 
2020a). This formation process is further augmented by the presence of 
ambient aerosol particles, both natural and anthropogenic (Jia et al., 
2019; Nelli et al., 2021a). 

In-situ measurements of fog droplets carried out over western UAE, 
reveal a bimodal distribution in droplet number concentration, with 
modes at 4.5 μm and 22–25 μm (Abida et al., 2023; Nelli et al., 2022; 
Weston et al., 2022). The primary factors contributing to fog creation in 
the region encompass local-scale circulations (land-sea-breeze), calm 
conditions during the night, and a stable nocturnal boundary layer. 
Another substantial contributing factor is atmospheric rivers, which are 
elongated, narrow corridors of elevated water vapor content that can 
also act as moisture providers for fog events (Francis et al., 2022; Verma 
et al., 2022), and whose frequency is increasing in the Middle East 
(Massoud et al., 2020; Esfandiari and Rezaei, 2022). Fonseca et al. 
(2023) reported an increasing trend both in frequency and duration of 
consecutive foggy days in the UAE stressing out the need for a more 
accurate fog forecasting systems to alleviate the risks fog poses on the 
daily life of people in these regions. 

Accurate fog forecasting is essential, serving critical roles in man
aging water resources and minimizing the hazardous impacts on trans
port networks (Gultepe and Milbrandt, 2007, 2009; Westcott and 
Kristovich, 2009; de Villiers and van Heerden, 2007; Stolaki et al., 
2009). However, deciphering accurate fog data from numerical weather 
prediction models continues to be a significant challenge (Bergot et al., 
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2007, 2015; Yang et al., 2010; Branch et al., 2021), prompting the 
development of a variety of methods to address this. The endeavor to 
forecast fog has witnessed several attempts in the United Arab Emirates, 
employing the Weather Research and Forecasting (WRF) model. For 
instance, Valappil et al. (2019) applied bias correction methods to the 
2-m air temperature to rectify the cold bias prevalent during nighttime 
and early morning hours. Nelli et al. (2020) refined the aerodynamic 
roughness length to forecast wind speed and 2-m air temperature with 
enhanced accuracy. Temimi et al. (2020b) updated the soil texture and 
land use land cover in the WRF model, further reducing the nighttime 
cold temperature bias. Additionally, Weston et al. (2021) proposed a 
multi-rule-based method, utilizing threshold values of multiple variables 
for diagnosing fog in arid regions, achieving a probability of detection of 
0.62. 

The landscape of monitoring and predicting fog has evolved, moving 
beyond traditional in-situ observations thanks to technological ad
vancements. A host of new tools and methodologies have been adopted 
for an in-depth study of fog and its associated factors. Fog forecasting 
follows two primary routes: statistical and dynamical forecasting. 
Traditional statistical methods were built on various analyses, including 
classification, correlation, and regression. The advancement of compu
tational power has paved the way for emerging statistical methods, 
leveraging deep learning and machine learning neural network tools 
such as CNN (Convolution Neural Network), RNN (Recurrent Neural 
Network), and ANN (Artificial Neural Network), which are proving to be 
promising tools in fog research. For the construction of a robust fog 
forecast model, it is imperative to identify as many influential variables 
as possible relating to fog occurrence, duration, and intensity. The 
present study introduces electric field variability as one such parameter. 
We aim to bridge the existing gap by offering a thorough analysis of 
electric field behavior under foggy conditions. By deepening the un
derstanding of how fog events affect electric field variability, we aspire 
to contribute valuable insights that can be incorporated into forecasting 
models, thus enhancing their accuracy and reliability. The progress in 
fog forecasting, facilitated by our research, is set to be instrumental in 
mitigating the adverse effects of unexpected fog events and in fostering 
improved preparedness and response strategies across various sectors. 

Cosmic rays and terrestrial radioactivity generate ambient ions, 
making the atmosphere electrically conductive. The conductivity of the 
atmosphere (σ) is determined by the mobility (μ) and concentration of 
ambient ions (n). Larger and slower ions reduce the conductivity 
compared to faster and lighter ones. An increase in the number density 
of suspended water droplets decreases the electrical conductivity of the 
air by removing small ions through attachment (Bennett and Harrison, 
2009; R G Harrison, 2003). The conductivity is therefore related to the 
mobility and the concentrations of ions. The total conductivity (σT) from 
the negative (− ) and positive (+) ions in the atmosphere is defined by: 

σT = σ+ + σ− = e
(∑

μ+n++
∑

μ− n−

)

where e represents the elementary charge. 
According to Ohm’s law, the current density Jz is a product of the 

electrical conductivity and the electric field strength Ez, where z denotes 
the vertical component. Mathematically, this is represented as Jz = σEz. 
When atmospheric factors lead to a decrease in σ, such as the increase in 
the number density of suspended water droplets, and if J is held con
stant, the electric field strength Ez compensates for the decreasing σ by 
increasing. Fog represents a unique natural environment for exploring 
the physics of water droplet charging, the aeroelectric state of the 
boundary layer, and their interplay with cloud formation (Anisimov 
et al., 2005). In fog or clouds, where the air is filled with droplets, these 
small ions attach to the droplets, decreasing the local air’s conductivity. 
The extent of this conductivity reduction is influenced by the droplets’ 
number, size, and separation distance (Bennett and Harrison, 2009; 
Ambaum et al., 2022). The longer the fog persists, the more time there is 
for fog droplets to interact with ambient ions, leading to more prolonged 

and extensive alterations in the atmospheric electric field, and conse
quently resulting in greater variability. This variability in the electric 
field can affect droplet collision-coalescence and the evolution of cloud 
droplet size distributions. 

While the prolonged duration of fog leads to increased interactions 
between droplets and ambient ions, resulting in extended alterations in 
the atmospheric electric field, the specific magnitude and nature of this 
variability require further exploration. The atmospheric electric field, 
influenced by myriad factors, becomes increasingly complex in foggy 
conditions. Although our understanding of the variability of the atmo
spheric electric field in foggy conditions is advancing, the intricate dy
namics of this relationship are still unfolding, necessitating continued 
research. Studies such as those by Guo and Xue (2021), Nicoll et al. 
(2022), and Yair and Yaniv (2023) have provided invaluable insights. 
For instance, Guo and Xue (2021) found that electric charges enhance 
the collision efficiency, especially between small water droplets, in line 
with the results of Ambaum et al. (2022). Fog, by reducing visibility and 
exhibiting spatial variability in its intensity, can also amplify the local 
electric field across different areas (Nicoll et al., 2022; Yair and Yaniv, 
2023). Moreover, typical influencers of the electric field, such as ground 
structures, lose their efficacy due to the fog’s attenuating effects. As a 
result, the fog’s duration and intensity become critical determinants of 
the electric field’s behavior. Nevertheless, achieving a comprehensive 
understanding, especially within unique environments like the UAE’s 
Empty Quarter desert, is an ongoing challenge. 

This interaction between fog and Ez presents an intriguing area of 
exploration. Investigations into the electrical properties of fog 
contribute not only to our fundamental understanding of atmospheric 
phenomena but also have practical implications. These include fog 
harvesting and dissipation techniques, understanding the influence of 
aerosols and dust on the atmospheric electric field, and shedding light on 
the mechanisms underlying solar-terrestrial relationships (Bennett and 
Harrison, 2008; Giles Harrison and Usoskin, 2010; Guo and Xue, 2021; 
Khain et al., 2004; Li et al., 2022; Sharifvaghefi and Kazerooni, 2021; 
Zhang et al., 2023). Furthermore, examining the electrical properties of 
fog can provide valuable insights for developing models that take into 
account the microphysics of particle charging and the presence of 
external ionization and electric field sources in the atmosphere (Guo and 
Xue, 2021; Sharifvaghefi and Kazerooni, 2021). 

Measurements of the atmospheric electric field in arid, desert regions 
are scarce in comparison to those in wetter or mid-latitude regions. To 
the author’s knowledge, vertical electric field measurements over the 
UAE were only made at Al Ain, in eastern UAE, and were used to study 
the effect of sea breeze (Nicoll et al., 2020, 2022). Nicoll et al. (2020) 
reported a drop of around 7 kV m− 1 in the electric field when the 
sea-breeze reached Al Ain. This drop in Ez was attributed to the asso
ciated vertical mixing. It’s important to note that the changes in Ez were 
predominantly linked to the onset of the sea breeze front rather than the 
sea breeze itself. The authors also noted that the electric field at the site 
is negative (i.e. pointing downwards). This is contradictory to the gen
eral understanding of static electrical fields during fog and dust events. 
In such events, positively-charged particles remain closer to the surface 
while smaller negatively-charged ones are lofted above, leading to an 
upward pointing Ez. For instance, the electrification of dust-lofting gust 
fronts in the Sahel has shown the appearance of an electric field pointing 
downwards (Williams et al., 2009). The observations at Al Ain might 
include factors like the dust’s composition/mineralogy, the size of the 
particles, and local turbulence playing a role in lifting positively charged 
particles upwards. In Nicoll et al. (2022), the authors noted that local 
meteorological and dust processes may overwhelm the signal from the 
global electrical circuit (GEC) in the variability of Ez. They also high
lighted that the desert environment around Al Ain is highly electrified, 
in particular in the summer period and during daytime. 

This work focuses on examining the diurnal variability of Ez in one of 
the most unique and extreme environments on the planet - the Empty 
Quarter desert (Rub’ al Khali) in the UAE. This region, known for its 
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intense heat, vast sand dunes, and occasional dust storms, provides a 
distinctive environment for such studies. Our investigation spans across 
different seasons and comprises a range of meteorological conditions 
from windy and dusty days to fog/haze occurrences, seeking to under
stand how various weather events can potentially affect Ez’s behavior. 
Here, we delve into the relationship between the fog occurrence and its 
impact on Ez’s variability, which can provide valuable insights into the 
broader dynamics of the Earth’s electric field in addition to furthering 
our knowledge of local atmospheric conditions. In this paper, section 2 
describes the instrumentation, data and methodology, section 3 includes 
a discussion of the results, and section 4 presents a summary of the main 
findings. 

2. Instrumentation, data and methodology 

The Wind-Blown Sand Experiment (WISE)-UAE experiment was con
ducted at Madinat Zayed (23.5761◦ N, 53.7242◦ E; elevation: 119 m) 
located 120 km south-west of Abu Dhabi, UAE. The ground surface is flat 
with a fetch of more than 300-m in the maximum prevailing wind 

direction. The soil type, loamy sand, is prone to wind erosion. Obser
vations employed during this study include the vertical component of 
the atmospheric electric field (Ez), measured using a Campbell Scientific 
electric field mill (CS110); horizontal visibility from the SEN-TRY™ 
Visibility Sensor 1 (SVS1, Temimi et al., 2020a); meteorological pa
rameters from a 10-m high micrometeorological tower; and aerosol 
number and mass concentrations from an optical particle counter (OPC, 
GRIMM 1.108) and nephelometer (DataRAM 4, DR-4000) installed at 2 
m above ground level. The OPC measures dust particles in 15 size-classes 
ranging from 0.3 to 20 μm (namely 0.3–0.4, 0.4–0.5, etc., Sow et al., 
2009). The nephelometer measures the aerosol mass concentration up to 
400 mg m− 3. More details on the experiment site description, instru
mentation, and background weather conditions prevailing during 
WISE-UAE are detailed in Nelli et al. (2023). In the current study, only Ez 
data corresponding to a status code of less than 4 is considered. We use 
the standard physics sign convention in this study: Ez > 0 means a 
positive test charge would move upward. Measurements were taken at 1 
Hz, and 1-min averages and standard deviations were calculated to 
study diurnal variations and the impact of fog on Ez variability. 

Fig. 1. Diurnal variability in atmospheric electric field: (a) Mean and (b) standard deviation (kV m− 1) of the electric field Ez, (c) wind speed (m s− 1) at 2.25 m, 
and (d) Incoming shortwave (SW) radiation flux (W m− 2), from August 2022 to January 2023. 
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Horizontal visibility, meteorological variables, and aerosol concentra
tions are measured every minute. Stringent quality checks on meteoro
logical tower data are applied as described in Reddy and Rao (2018). 
The above-mentioned data is analyzed for WISE-UAE Phase-1 period, 
which spanned from 25 July 2022 to 07 February 2023, to quantify the 
impact of foggy conditions on the measured electric field. We gain 
insight into the fog’s spatial extent by analyzing false-color red-
green-blue (RGB) satellite images from the Spinning Enhanced Visible 
and Infrared Imager (SEVIRI) on the Meteosat Second Generation 
spacecraft (Weston et al., 2021; Nelli et al., 2022). These RGB images are 
updated every 15 min and offer a spatial resolution of approximately 
5.6 km (0.05◦ × 0.05◦), covering the geographic bounds of 60◦S–60◦N 
and 60◦W–60◦E. For atmospheric field data, we utilized the European 
Center for Medium Range Weather Forecasting’s (ECMWF) ERA-5 
reanalysis datasets, as detailed in Hersbach et al. (2018a, 2018b, 
2019a, 2019b). 

In this study, fog cases are detected using horizontal visibility mea
surements, relative humidity (RH, 2-m height), and wind speed (2.25 m 
and 10-m heights). Initially, fog is detected subject that the horizontal 
visibility is less than or equal to 1 km, and that RH is greater than 90% 
(Temimi et al., 2020a; Mohan et al., 2020; Weston et al., 2022; Nelli 
et al., 2022; Fonseca et al., 2023). Subsequently, a visual inspection of 
15-min SEVIRI Fog RGB images is conducted to confirm the presence of 
fog at the detected times (Weston et al., 2021; Nelli et al., 2022). 
Furthermore, cloudy or rainy conditions are filtered out using the 
30-min merged Infrared brightness temperature (IRBT) data from geo
stationary satellites averaged around the WISE-UAE location (Rao et al., 
2013; Reddy and Rao, 2018; Subrahmanyam et al., 2020; Nelli et al., 
2021b), and the radar precipitation sensor installed at 10-m height. 
Throughout the observed period, a total of 27 fog events were recorded, 
each varying in duration from 17 min to approximately 8 h and 41 min 
(Nelli et al., 2023). The duration considered here is the sum of the time 
stamps from fog onset to its complete dissipation. Note that for some 
cases, the visibility is above 1 km in between (fog-haze-fog) fog onset 
and complete dissipation. These time intervals are excluded from the fog 
duration calculation. Electric field data for 18 October 2022 is not 
available due to data transmission issues. The average wind speed dur
ing fog events was 0.9 ± 0.4 m s− 1. The longest-lasting fog event 
occurred on 13 November 2022. All times are local time (UTC+4) unless 
otherwise stated. 

3. Results 

The atmospheric vertical electric field is not immune to the in
fluences of various weather events, including but not limited to, fog, 
convective systems, and dust storms. Under typical fair-weather condi
tions, the electric field at the site generally points downward (negative 
Ez, using the customary sign convention from physics) in line with the 
findings of Nicoll et al. (2020). Its diurnal variations can be significantly 
perturbed in response to different weather events, seasonal changes, and 
geographical influences (Yaniv et al., 2016). Below we present the 
diurnal variability in Ez during different seasons. 

3.1. Diurnal variability in atmospheric electric field 

Fig. 1 illustrates the diurnal cycle of Ez (mean and standard deviation 
depicted in 1a-b), wind speed at 2.25 m, and shortwave radiation flux 
(SW) from August 2022 to January 2023. Due to limited data avail
ability of less than seven days, the months of July 2022 and February 
2023 are excluded. A box plot representing the diurnal variation of 
horizontal visibility from August 2022 to January 2023 is presented in 
Fig. 2. The diurnal variability of Ez is given by the Carnegie curve 
(Harrison, 2013), with a maximum around 19 UTC (23 local time, LT) 
and a minimum around 03 UTC (07 LT). Our observations show a 
markedly different variability, with a minimum around 13 and 18 LT in 
all months. At locations in desert areas, such as WISE-UAE, electric field 
data can deviate from the Carnegie Curve due to the influence of dust 
load, which reduces the air conductivity. This is in line with the findings 
of Nicoll et al. (2022) who noted that at Al Ain the diurnal variability of 
Ez is mostly governed by local, rather than global, processes. The earlier 
occurrence of the minimum from summer to winter is consistent with 
Harrison (2013) observations and may also arise from an earlier onset of 
the sea breeze (Eager et al., 2008). The diurnal minimum of Ez varies 
between − 0.5 and − 1.4 kV m− 1 across different months: 1.2 kV m− 1 in 
August, − 1.1 kV m− 1 in September, − 1.4 kV m− 1 in October, − 0.7 kV 
m− 1 in November, − 0.6 kV m− 1 in December, and − 0.5 kV m− 1 in 
January. The amplitude of this diurnal minimum appears to be signifi
cantly influenced by the diurnal maxima of both wind speed and 
incoming shortwave radiation flux (as depicted in Fig. 1c–d). 

Our findings demonstrate a strong negative correlation between the 
diurnal fluctuations of Ez and surface wind speed, with a 99% confidence 
level. The correlation coefficient ranges from − 0.763 in September to 
− 0.952 in December, with this relationship attributed to several 

Fig. 2. Box plot of the horizontal visibility in diurnal scale for the months August 2022 to January 2023.  
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physical phenomena. High wind speeds can cause dust and other soil 
particles to become airborne. These airborne particles, which often carry 
electric charges, can redistribute them within the atmosphere due to 
wind-induced movement, thereby influencing Ez. Frictional or tribo
electric charging, a process in which materials acquire electric charge 
through frictional contact with other materials, is another contributing 
factor. In high wind conditions, air laden with dust particles moving 

against the Earth’s surface can lead to the charging of these particles, 
with the subsequent movement and interaction with each other affecting 
the electric field. In a desert environment, high wind speeds often 
initiate a process known as saltation, wherein sand particles are lifted 
from the ground and bounce along the surface. This process can result in 
the triboelectric charging of sand particles, further influencing Ez. In all 
these scenarios, the lighter negatively charged particles and their 

Fig. 3. Meteorological conditions during the 11–13 October 2022 fog events (a) Fog red-green-blue (RGB) composite images from SEVIRI for the 11 to 13 of 
October 2022 at 03:15 UTC (07:15 LT). The ‘x’ mark denotes the location of the WISE-UAE experiment. ERA-5 fields averaged over 11 to 13 of October 2022 for 
00–02 UTC: sea-level pressure (shading; hPa) and 10-m wind vectors (arrows; m s− 1) (left), and precipitable water (shading; kg m− 2) and integrated vapor transport 
(arrows; kg m− 1 s− 1) (right). (b) Actual and (c) Anomalies. 
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movement within the atmosphere can amplify the downward (negative) 
direction of Ez. Thus, Ez becomes more negative (higher in magnitude) 
with increased wind speed. The drop in magnitude and the increase in 
the variability of Ez during daytime, as seen by comparing Fig. 1a–b with 
1d, is consistent with the more unstable daytime boundary layer and 
enhanced vertical mixing as evidenced by the higher wind speeds 
(Fig. 1c). 

Understanding the interactions between atmospheric electricity and 
meteorological conditions is instrumental in advancing our knowledge 
of weather dynamics and atmospheric electricity. The noticeably high 
standard deviation of Ez observed from 9 to 12 LT during November can 
be attributed to two main factors: extended fog or haze conditions 
(Fig. 4), and the occurrence of intense saltation driven by intermittent 
strong wind conditions. Despite the fact that the monthly average wind 
speed during those hours is among the lowest for all six months (Fig. 1c), 
the visibility shows a pronounced variability at that time that exceeds 
that in all other months (Fig. 2), reflecting the higher fog/haze and 
saltation occurrences. These weather events can significantly modify the 
local electric field by altering the vertical distribution of atmospheric 
ions and charging sand particles. The intricate correlation between Ez, 
wind, and saltation will be the subject of a subsequent article. In this 
study, the complex relationship between Ez and conditions of high 
relative humidity or fog will be expounded in the following section. 

3.2. Impact of fog occurrence on atmospheric electric field 

To assess the impact of fog on the vertical electric field, we selected a 
case study featuring consecutive foggy days with varying durations from 
the 11 to 13 October 2022. Instantaneous daytime Fog red-green-blue 
(RGB) composite images for these three foggy days at 03:15 UTC 
(07:15 LT) from SEVIRI are presented in Fig. 3a. In order to investigate 
the synoptic conditions during these foggy days, we used ERA-5 prod
ucts, which are shown in Fig. 3b–c. Fig. 4 show the time series of the 
vertical electric field, relative humidity, horizontal visibility, 10-m wind 
speed and wind direction. The spatial extent and intensity of fog on the 
12 and 13 of October 2022 are nearly identical as seen in Fig. 3a. 
However, the duration of fog at the WISE-UAE location for the fog event 
on 13 October 2022 is nearly twice of that on 12 October (04:19 h vs. 
02:16 h, Fig. 4a). 

An analysis of the large-scale circulation pattern, as given by ERA-5 

reanalysis data, at the time of the three fog events, indicates the 
following features: (i) high pressure over western Asia to the north of 
35◦ N and the eastern Mediterranean with lower pressure system over 
the Arabian Peninsula; (ii) a flow of moisture from the Red Sea and the 
Mediterranean Sea, important moisture sources for the UAE (Nelli et al., 
2021a), into the Arabian Gulf and subsequently into the UAE; (iii) weak 
wind speeds over the country, mostly from an offshore direction, which, 
together with the more moist air coming from the Arabian Gulf, promote 
the development of fog. This is the typical atmospheric circulation setup 
prone to fog occurrence in the UAE (e.g. Mohan et al., 2020; Fonseca 
et al., 2023). 

The spatial extent of the fog on the 12 and 13 of October 2022 was 
similar, as depicted in Fig. 3a. Notably, the sea breeze was stronger on 
12 October, which was followed by an extended period of weak wind 
conditions (Fig. 4b). This could have potentially contributed to a longer 
duration of fog occurrence on 13 October (Fig. 4a). More detailed 
analysis and discussion on the large-scale circulation patterns occurring 
during consecutive fog events in the UAE can be found in Fonseca et al. 
(2023). 

Fig. 4a illustrates the observed Ez values during the fog events on 11, 
12, and 13 October 2022. It is evident from Fig. 4a that the Ez values are 
higher during the fog event on 13 October compared to those on 11 and 
12 October. This observation is notable, considering the similar intensity 
and spatial extent of these fog events. It suggests that other factors, such 
as distribution of particles and the duration of the fog, might play sig
nificant roles in modulating Ez. The maximum and minimum Ez values 
measured during the fog event on 13 October are 1.783 kV m− 1 and 
-0.781 kV m− 1, respectively. It’s important to note that Ez returned to 
background values before the fog lifted. In order to investigate the po
tential impact of the particle number and mass concentration on Ez, the 
total particle number concentration (0.3–20 μm) from the Optical Par
ticle Counter (OPC), the mass concentrations from the dust profiler and 
DataRam, and the particle size distribution from the OPC are analyzed 
(Fig. 5a–b). Upon the onset of the fog, a notable increase in particle 
number concentration can be observed (Fig. 5a), while a reduction in the 
number concentration during the mature and dissipation stages is likely 
associated with the effects of wet scavenging. The wind speed on 12 
October exhibits two distinct peaks around 10 LT and 17 LT, accom
panied by prolonged saltation events (Fig. 4b). 

This pattern contrasts with that of 11 October, where the wind speed 

Fig. 3. (continued). 
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does not peak around 10 UTC and the duration of saltation is shorter. 
Interestingly, the peaks in wind speed appear to correlate well with the 
peaks in both number and mass concentration (Figs. 4b and 5a). 
Furthermore, the background particle number concentration on the 
foggy day of 12 October is higher than that of 13 October. Of particular 
note is the higher concentration of fine particles (<4 μm) on 12 October 
(Fig. 5b). Fine particles in the atmosphere can significantly influence Ez 
due to their ability to carry and redistribute electric charges. Given their 
large surface area to volume ratio, fine particles can hold more electric 
charges per unit mass compared to larger particles. A decrease in fine 
particle concentration, as seen from 12 to 13 of October, reduces the 
total charge density in the atmosphere, potentially leading to an increase 
in Ez due to the reduced availability of charge carriers (Fig. 5b). This can 
potentially account for the maximum variability in the electric field 
observed on 13 October. Moreover, the mobility of charged particles, 
which depends on particle size, also influences Ez. Smaller particles are 
more mobile and can be transported more easily by wind flow and 

turbulence, thereby affecting the distribution of electric charges in the 
atmosphere and subsequently the electric field (Piper and Bennett, 
2012). Normalized mass distribution for all fog events is shown in 
Fig. 5c. Note that the mass of fine particles decreases while that of coarse 
particles increases upon the onset of the fog. However, it is understood 
that within this specific size range (Fig. 5b–c), all particles are suscep
tible to transportation by wind and turbulence elements, contributing to 
the variability in the atmospheric electric field (Webb et al., 2021). 

Next, we present the electric field variability for 26 distinct fog 
events that took place during our analysis period, excluding the event on 
18 October 2022 due to unavailable Ez data. The actual variations in Ez 
measurements from the onset of the fog to the complete dissipation for 
26 fog events is shown as boxplot in Fig. 6a. Animation of time series of 
Ez, horizontal visibility, and relative humidity for all fog cases is given in 
Fig. S1. The horizontal visibility variations are shown as a box plot in 
Fig. 6b, considering 1 h before the fog’s onset, in order to examine 
whether the onset is gradual or sudden; during the fog; 15 min after its 

Fig. 4. (a–b) Time series of atmospheric electric field Ez (kV m− 1), horizontal visibility (km), relative humidity (RH; %), horizontal wind speed (m s− 1) and wind 
direction (◦) from the 10 to 13 of October 2022. RH and wind direction are shaded. The vertical lines in panels a and b indicate the onset (dotted line) and the 
complete dissipation (dotted line) of the fog. 
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dissipation, so as to observe the lifting of the fog. This approach was 
determined after a visual inspection of all 26 fog cases, allowing for a 
detailed understanding of the fog’s electrical properties (Fig. S1). The 
specific time frames were selected to capture essential transitional 
stages, which may offer additional insights into the fog’s electrical 
properties, as seen in Fig. S1. 

Next, we evaluated the variability of the electric field during fog 
events with different durations by calculating the difference between the 
maximum and minimum electric field anomalies. These anomalies were 
computed by subtracting the respective monthly mean diurnal Ez values 
from the observed Ez measurements. Notably, days featuring fog events 
were excluded from this calculation to create a baseline that represents 
typical atmospheric conditions without fog interference. The estimated 
electric field variabilities for these 26 fog events are depicted in Fig. 6c. 

Each bubble represents a unique fog event, with the size of the bubble 
corresponding to the event’s duration, providing a clear visualization of 
the relationship between fog duration and electric field variability. 
Notable observations can be made; for instance, the longest fog event 
recorded during our study occurred on 13 of November 2022, lasting 
approximately 8 h 41 min, with this event coinciding with the highest 
observed variability in Ez, peaking at nearly 3.407 kV m− 1. Conversely, 
the shortest fog event, which lasted merely 17 min, took place on 26 
November 2022, for which the electric field variability was minimal, 
barely reaching 0.1 kV m− 1. 

In our analysis of the relationship between the variability of the 
electrical field and the duration of fog events, we found a correlation 
coefficient of 0.828. This indicates a strong positive linear relationship 
between the two variables (Fig. 7). It is important to emphasize that this 

Fig. 5. Particle size distribution during the 11–13 October 2022 fog events (a) Time series of the total particle number concentration (0.3–20 μm; # cm− 3) from 
the OPC (blue line) and mass concentration (μg m− 3) from DataRam4 (Red line) at 2-m height, and (b) Normalized mass concentration distribution from the OPC for 
the three consecutive fog cases. Solid (dotted) lines indicate the average mass distribution 1 h before (during) the fog occurrence. (c) Normalized mass size dis
tribution for all fog events. 

N. Nelli et al.                                                                                                                                                                                                                                    



Journal of Arid Environments 220 (2024) 105096

9

correlation is statistically significant at the 99% confidence level, as 
evidenced by the confidence interval for the correlation coefficient, 
which lies between 0.568 and 0.938. Such findings suggest that the 
duration of fog events has an impact on observed changes in atmo
spheric electric field variability. This highlights the potential influence 
and interplay between atmospheric electric fields and foggy conditions 
in the United Arab Emirates. 

In general, the median electric field for fog events is higher and 
positive (pointing upward), except for four cases (3, 11 October 2022; 
26 November 2022; 22 December 2022), which have Ez values less than 
0.1 kV m− 1. Two factors contribute to this atypical behavior of Ez: first, 
the change in visibility from haze to fog is gradual, as illustrated in 
Fig. 4b; second, these instances are very short-duration fog events 

occurring within haze conditions, as shown in Fig. 6b. These observa
tions underline the combined effects of horizontal visibility changes 
during the haze-to-fog transition and the duration of fog occurrence in 
modifying the atmospheric electric field. The interplay between the 
persistence of the fog and the transition from haze to fog appears to have 
a pronounced impact on the anomalies in the electric field, suggesting a 
significant and multifaceted influence of these factors on atmospheric 
electrical phenomena. 

Anisimov et al. (2005) documented six instances of fog at the Borok 
Observatory in western Russia, demonstrating that the potential 
gradient (PG) values escalated during fog occurrences up to 350 V m− 1 

while slightly diminishing the atmospheric current density values. 
Bennett and Harrison (2009) identified an elevation in the PG ranging 

Fig. 5. (continued). 

Fig. 6. Statistics of all fog events: (a) Boxplot of the vertical electric field (Ez; kV m− 1) measurements from the onset of the fog to the complete dissipation for the 26 
fog events. (b) Box plot of horizontal visibility (km) 1 h before (blue box), during (red box), and 15 min after the dissipation of the fog (green box). (c) Variability of 
Ez anomalies (kV m− 1) during the occurrence of the 26 fog events. The size of the bubbles corresponds to the duration of each fog event. 
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between 300 and 800 V m− 1 at Reading (southern UK) during excep
tionally foggy conditions in December 2016, a change that was contin
gent upon the thickness of the fog (droplet size), although the current 
density values remained constant. Harrison (2011) observed a twofold 
increase in the PG measured in Reading during fog conditions, escalating 
from a median value of 80.6 V m− 1 to 170.6 V m− 1, based on 139 h of 
data collection. Similarly, (Lucas et al., 2017) recorded an enhancement 
in the PG of +150 V m− 1 at sunrise with low wind speeds and high 
relative humidity conditions at Kennedy Space Center in Florida. More 
recently, (Yair and Yaniv, 2023) reported the increase in the electric 
field (up to 400–650 V m− 1) compared with the mean fair weather 
values observed at Negev Desert Highland site in southern Israel. In the 
present study, the maximum electric field observed for a long-lasting fog 
event (8 h and 41 min) on 13 November 2022, was 2571 V m− 1 (Fig. 4a). 
The median Ez for fog events with duration more than 1 h is 444 V m− 1. 

In the manuscript, we hypothesize that the notably high Ez values 
observed in the UAE are attributable to the presence of dust aerosols in 
this hyper-arid desert region, aligning with existing studies that have 
reported higher electric field values in dusty environments compared to 
non-dusty ones (Sow et al., 2011; Nicoll et al., 2020, 2022). However, 
we acknowledge that this assertion requires further detailed investiga
tion to fully substantiate and understand the mechanisms involved in 
these elevated Ez values in dusty conditions. 

4. Summary 

The Wind-Blown Sand Experiment - United Arab Emirates (WISE-UAE) 
Phase-1 campaign started on 22 July 2022 at Madinat Zayed, a location 
approximately 120 km southwest of Abu Dhabi in the Rub’ Al Khali 
desert. During the campaign, 27 fog events with different durations and 
intensities occurred. In this study, we investigate the impact of the fog 
events on the atmospheric electric field (Ez). A record high Ez value of 
2571 V m− 1 was measured for a long-lasting fog event (8 h and 41 min) 
on 13 November 2022. The median Ez for fog events lasting more than 1 
h is 444 V m− 1. 

The higher Ez values, compared to previous studies which report 
values in the range 80–800 V m− 1, are attributable to the dust aerosols 
present in this hyper-arid desert region. Our observations showed that 
the longer the fog’s duration, the higher the variability in Ez, with an 

amplitude range of Ez anomalies for long-lasting fog events reaching 
3.407 kV m− 1. This is primarily because fog acts as an efficient medium 
for absorbing and redistributing atmospheric electric charges, thereby 
altering the ion balance and affecting the electrical conductivity and ion 
mobility within the atmosphere. The more prolonged the fog, the more 
time available for these interactions, leading to more extensive varia
tions in the atmospheric electric field and resulting in greater variability. 

Our results can be applied to develop techniques for fog harvesting 
and to improve fog forecasting by accounting for the effect of the electric 
field on fog lifetime and characteristics. 
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