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ABSTRACT 
      This study investigates the plasma bubbles (PBs) over El Leoncito, Argentina, by integrating airglow observations from 
an all-sky imager (ASI) with ionospheric irregularity signatures derived from the Rate of Total Electron Content Index 
(ROTI), calculated from GPS measurements, on the night of September 13, 2017. The ASI images captured the full life cycle 
of multiple PBs, while the GPS observations showed enhanced ROTI values during the time of the bubbles. To enable a direct 
temporal-spatial correlation between the observed plasma bubble structures, the GPS signal paths, and Roti, the ionospheric 
pierce points of signals were calculated and projected onto ASI images.  The designed projection approach revealed that 
signals from certain satellites exhibited enhanced ROTI values when their paths passed through airglow depletion regions, 
confirming that PBs are the source of the observed ionospheric irregularities. This case study provides new evidence that 
ROTI increases not only during signal passage through the plasma bubbles, but also during transitions from depleted to more 
uniform ionospheric regions. Such sharp gradients in electron density appear to significantly enhance the ROTI values. In 
contrast, satellites whose signal paths did not intersect plasma bubbles maintained low and stable ROTI values. This highlights 
the value of spatial projection techniques in understanding when and where these signal disturbances occur.  
 
 

1. Introduction  

      Equatorial plasma bubbles are irregular regions of 
significantly reduced electron density in the ionosphere, with 
scale sizes ranging from tens to hundreds of kilometers. 

These structures primarily originate in the bottomside of the 
F layer and can extend vertically to higher altitudes.  
     They typically emerge in equatorial and low-latitude 
regions, often stretching across the magnetic equator into 
mid-latitudes [1-3]. 
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      The development of PBs is closely tied to post-sunset 
ionospheric dynamics. As solar radiation ceases after sunset, 
the E region undergoes rapid recombination, leading to a 
steep vertical gradient in electron density between the 
depleted E layer and the more persistent F layer.  
      This gradient creates favorable conditions for the onset of 
the R-T instability [4]. Simultaneously, the ionospheric 
dynamo driven by thermospheric winds and reduced E-layer 
conductivity leads to a prereversal enhancement (PRE) in the 
eastward electric field, which elevates the F layer through an 
E×B drift [5]. As the plasma lifted to higher altitudes where 
the neutral density is low and ion-neutral collisions are less 
frequent, the growth rate of the R-T instability increases 
significantly. These combined conditions, strong electron 
density gradients, elevated F-layer altitudes, and reduced 
collision frequencies, create an ideal environment for the 
generation and upward development of Equatorial plasma 
bubbles [2, 6, 7]. 
      Generally, ionospheric irregularities have a severe impact 
on the transionospheric propagation of radio waves, causing 
signal delay and quality degradation. Among these 
irregularities are PBs, which cause fluctuations in the phase 
and amplitude of GPS signals, referred to as scintillation, 
when the signals pass through them. These sometimes result 
in signal reception failure (loss of lock), increased signal 
noise, or ultimately positioning errors [8,9]. Therefore, 
plasma bubbles are widely studied to mitigate and avoid the 
adverse challenges associated with communication and 
navigation systems. Different techniques were used in 
studying plasma bubbles, such as ionosonde observations 
[10-12], coherent and incoherent scatter radar measurements 
[13-16], and in situ measurements by Low-Earth Orbiting 
(LEO) satellites [17-19]. Among the key techniques used in 
various studies is the ASI, a ground-based optical instrument 
that captures wide-field airglow emissions, as employed in 
[20-23]. ASI observations reveal spatial and temporal 
monitoring of PBs, providing valuable insights into their 
structure and evolution. On the other hand, GPS 
measurements are used to compute the ROTI index, which 
quantifies ionospheric irregularities at various scale sizes 
[24-26]. It is highly sensitive to the variation in total electron 
content (TEC) over a short time interval and is widely 
regarded as an indicator of ionospheric scintillations. 
Integrating these two instruments has been used in previous 
studies [7,27], as it provides an opportunity to compare 
observations from both instruments, thereby enhancing 
understanding and increasing confidence in the results. 
      However, directly comparing ASI and GPS observations 
presents challenges due to the differences in measurement 
principles, and their distinct spatial and temporal 
perspectives. To bridge this gap, the ionospheric pierce 
points (IPPs) of the GPS signals, defined as the locations 
where the ionosphere intersects the line of sight of the signal 
between GPS satellite and ground-based receiver [28], were 
projected onto the ASI images. We designed this spatial 
projection technique to reveal a precise spatial context of 

exactly where and when each GPS signal traveled through 
the ASI’s field of view. This is key to determining whether a 
GPS signal was affected by the bubble, rather than merely a 
temporal coincidence between the presence of bubbles and 
the enhanced ROTI values, thereby adding clarity and 
confidence to the analysis.  Several works have studied the 
longitudinal distribution of plasma bubbles [29-31]. For 
instance, [30] analyzed total electron content (TEC) 
measurements from 67 International GNSS Service (IGS) 
stations distributed along the geomagnetic equator during 
solar cycle 23 and showed that EPB occurrence rates are 
higher in the South American and African sectors compared 
to other longitudes. While extensive progress has focused on 
plasma bubble activity in eastern South America (Brazil) 
using multiple observational techniques [32-35], 
considerably fewer studies have investigated the statistical 
characteristics of spread-F and plasma bubbles in western 
South America, particularly in Argentina, through GNSS and 
ionosonde measurements [36-39].   
      This study analyses the features of plasma bubbles on 
September 13, 2017, using data from El Leoncito ASI 
combined with data from the co-located GPS receiver over 
Argentina. The objective is to visually identify plasma 
bubbles via airglow emissions and investigate their 
intersection with GPS signals paths and correlate these 
intersections with ROTI values to understand how the 
bubbles distort these signals. For that purpose, the IPP 
locations were calculated and projected onto the ASI images, 
enabling direct spatial and temporal comparison between 
optical and radio-based observations. 

 

2. Data & Instruments 

      In this work, the utilized airglow measurements were 
obtained from the El Leoncito ASI, which was installed by 
Boston University Imaging Science group at Complejo 
Astronomico El Leoncito (CASLEO) in Argentina (31.8o S, 
69.3o W, 18.2o S mag lat). Furthermore, the GPS 
observations from the EL Leoncito GPS receiver station 
(31.8o S, 69.293o W), located approximately at the same 
location as the imager, were incorporated. Figure 1 illustrates 
the geographical locations of the two instruments, where the 
ASI is represented by the red circle and the receiver station 
by the black star. 

 
Fig.1:  The locations of El Leoncito ASI (red circle) and the GPS 
receiver station (black star). The dashed circle indicates the ASI’s 
field of view. 
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      Regarding the ASI, it is equipped with a wheel containing 
five wavelength filters (557.7 nm, 630.0 nm, 777.4 nm 589.3 
nm, and > 695.0 nm) for detecting different phenomena at 
different altitudes, in addition to a background filter at 644.4 
nm [40]. This study focuses on the wavelength of 630.0 nm, 
emitted from the de-excitation of 1D excited oxygen atoms 
that are produced through the dissociative recombination of 
𝑂!"	[41,42]. The El Leoncito ASI detector consists of a 2046 
× 2046-pixel bare charge coupled device (CCD) array. 
During data collection, the captured images are binned at a 3 
× 3 resolution, resulting in 682 × 682- pixel images [43]. On 
September 13, 2017, observations started after local sunset at 
18:23 (LT) and continued until just before local sunrise at 
4:30 (LT). The image repetition rate for the used wavelength 
is approximately 9 minutes, resulting in a total of 66 images 
captured during the night.  
      The GPS data for this night were acquired from the Low 
Latitude Ionospheric Sensor Network (LISN). The GPS 
observations detected the plasma bubbles using the ROTI 
index, which was computed using MATLAB software 
(calcul_roti_v411.m), developed by R.Fleury. Slant Total 
Electron Content (STEC) was derived from phase 
measurements of GPS signals in RINEX 2.11 format, in units 
of TECU (1TECU = 10¹⁶ electrons/ m²). The phase jumps 
were identified when consecutive 30-second data points 
exhibited a difference greater than 5 TECU; to detect and 
correct these non-physical jumps, a polynomial regression 
was applied to smooth the STEC data [44]. From the STEC 
temporal gradient at 30-second intervals, the Rate of TEC 
(ROT) was calculated in units of TECU /min. Then, the 
ROTI index was calculated as the standard deviation of the 
ROT values over 5 minutes [45]. In this study, to reduce 
multipath errors, ROTI was computed using GPS signals 
with elevation angles greater than 25°. Furthermore, the 
ROTI threshold value used to identify irregularities, 
established by comparing values observed during quiet 
ionospheric conditions, was set at 0.5 TECU /min.     
 
3. Methodology for Mapping IPPs to ASI 

Image Coordinates 
 

      To facilitate an accurate comparison between the 
observations from the ASI and GPS, it is essential to examine 
the crossing of the received GPS signals paths through the 
airglow depletion. This can be achieved by projecting the 
IPPs onto the airglow images. The IPP represents the location 
where the GPS signal line of sight intersects the ionosphere, 
which is typically modeled as a thin shell [46]. This shell is 
located near the peak of the F layer [47], generally at an 
altitude between approximately 350 km and 500 km, where 
ionospheric irregularities are considered to have the most 
significant impact on the signal [48]. The geographic 
coordinates of the IPP are traditionally calculated using the 
method described by [49,50], which remains widely used in 
ionospheric studies due to its simplicity and efficiency. This 

approach determines the IPPs geographic latitude (fipp) and 
longitude (lipp) at a specified ionospheric altitude (hipp) using 
the receiver coordinates, along with the direction of the 
incoming signal, using the following equations:  
 
𝜙!"" = sin#$[sin(𝜙%) cos(𝜓) + c𝑜𝑠(𝜙%) sin(𝜓) cos(𝐴𝑧)] 
 
𝜆!"" = 𝜆% + 𝑠𝑖𝑛#$[sin(𝜓)] 
 
With 𝜓 represent the earth’s centered angle between the 
receiver and IPP given by: 

 

𝜓 =
𝜋
2 − 𝐸𝑙 −	sin

-$	[	
𝑅&

𝑅& + ℎ!"")
cos(𝐸𝑙)] 

 

  
 

Fig.2:  Geometry of ionospheric pierce point calculation, Adapted 
from [51], with modifications. 
 
 

      Where fr and lr are the geographic latitude and longitude 
of the receiver station, Re = 6371 km is the mean Earth radius, 
hIPP =450 km, Az and El are the azimuth and elevation angles 
of the GPS satellite, which define the signal direction relative 
to the receiver. 
      After calculating the geographic coordinates of the IPPs, 
they were converted into pixel coordinates to project them 
onto the ASI images. This conversion was achieved by 
comparing the imager's actual field of view (FOV) with the 
area representing the airglow data in the ASI images, to 
determine a scaling factor between geographic and pixel 
coordinates. The actual FOV of the imager depends on the 
emission height and its zenith angle, which is set at 80° for 
the El Leoncito ASI as described by [40]. Our study assumed 
the altitude of the airglow emission layer at 250 km, which 
corresponds to the expected emanation altitude of OI 630.0 
nm emissions and is appropriate under conditions of low 
solar activity [40, 52]. Based on this altitude and the 
operating zenith angle, the FOV forms an area with a radius 
of 996 km, represented by the black dashed circle in Figure 
1. On the other hand, a mask was applied to the ASI images 
to isolate the region associated with the airglow emissions. 
This region was manually defined based on the optical 
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footprint of the imager, as a circular area with a radius of 262 
pixels from the image center. The pixels outside this circle 
were set to white color, while preserving the original image 
dimensions. Figure 3 illustrates this process, with the original 
image shown on the left and the masked image on the right. 
This step ensured accurate identification of the spatial 
boundaries of the usable FOV for airglow observation, within 
which IPPs are expected to appear in the ASI images.   
 

 
 

Fig.3:  The original OI 630.0 nm image taken by All-Sky imager 
(on left), and the masked image (on right). 
 
      By comparing the physical radius of the imager's actual 
FOV with the pixel radius of the masked image, the scaling 
factor (SF) was 3.8 kilometers corresponding to 1 pixel. After 
computing the scaling factor and to finding the pixel latitude 
(fpixel) and longitude (lpixel) of the IPPs, the geographic 
latitude and longitude offsets between each IPP and the 
imager’s location were calculated. These angular offsets 
were then converted to physical distances (in kilometers) 
using standard geodetic scaling: latitude differences were 
multiplied by 111.32 km per degree, while longitude 
differences were multiplied by the same factor adjusted by 
the cosine of latitude. Next, these distances were converted 
into pixel units using the predefined kilometer-to-pixel 
scaling factor. Finally, the pixel coordinates were referenced 
to the image center, where (341, 341) pixels corresponds to 
the imager’s position in the image, by adding 341. 
 

The pixel coordinates were given as: 
 

f"!'&( = [=f)*+ − f!""> ∗ 111.32 ∗
1
𝑆𝐹 + 341 

λ"!'&( = Gλ!"" − λ)*+H ∗ 11.32 cos( f!"") ∗
1
𝑆𝐹 + 341 

 

     Where fASI and lASI are the geographic latitude and 
longitude of the imager. Where fr and lr are the geographic 
latitude and longitude of the receiver station. the scaling 
factor (SF) was 3.8 kilometers. 
 
4. Observations 

 

4.1 ASI Observations 
 

      The ASI provides a spatiotemporal observation of the 
plasma bubbles, where they are identified as dark regions 
relative to the surrounding ionosphere [53], resulting from 
localized reductions in the 630.0 nm airglow emission 

intensity. This reductions in brightness corresponds to a 
depletion in electron density within the ionospheric F-region. 
To classify these features as plasma bubbles, several criteria 
must be met: (1) the depletion must persist for a minimum 
duration of one hour in sequential images; (2) the structures 
should appear elongated along the geomagnetic field lines in 
north–south direction; (3) they should exhibit temporal 
development, such as growth in size and/or intensity; and 
often typically drift eastward over time.  
      On the night of September 13, 2017, ASI observations 
were conducted from 18:23 LT to 04:30 LT. However, the 
clear airglow data were available only until 23:36 LT. The 
development, evolution, and decay of the plasma bubbles 
were observed between 19:52 LT and 23:36 LT. Figure 4 
shows a series of ASI images illustrating approximately the 
complete life cycle of the detected plasma bubbles. 
      The initial detection of plasma bubble activity occurred 
around 19:52 LT, when two dark bands were observed in the 
west and middle of the north region of the FOV. At 20:20 LT, 
another dark band appeared from the west. These dark bands 
gradually became more defined, increased in size, and moved 
eastward over time, which is typical of the post-sunset 
plasma bubble dynamics. As they moved, the darkness of the 
bands initially intensified, peaking between 21:25 and 22:21 
LT. 
      Between 21:35 and 23:18 LT, some of the existing 
bubbles began to branch, forming multiple distinct depletion 
structures. These structures were relatively narrow, elongated 
along the geomagnetic field lines, and exhibited consistent 
eastward motion. 
      By 22:49 LT, the bubble structures became fainter, and 
their contrast against the airglow background significantly 
decreased; however, they remained visible until around 23:36 
LT. By that time, most of the depletion features had already 
faded, marking the end of the main event. Furthermore, the 
increased brightness that appeared in the northern portion 
compromised the reliability of the observations. 
Consequently, the data collected after 23:36 LT were deemed 
unsuitable for further analysis of plasma bubble activity. 
 
4.2 ROTI Observations 
 
      The ROTI index was computed using GPS signals to 
investigate ionospheric irregularities during this night. The 
analysis focused on the period between 20:00 and 24:00 LT, 
chosen to align with the time window of plasma bubble 
observations for a direct comparison. Figure 5 illustrates a 
noticeable enhancement in the ROTI index recorded 
approximately between 21:00 and 22:00 LT. 
      The values began to increase gradually at 21:09 LT, 
reaching 1.23 TECU/min by 21:18 LT. After a slight 
decrease, the index dropped sharply to a normal level at 21:24 
LT. Following this, the values surged again at 21:30 LT, 
peaking approximately at 21:37 LT with a maximum of 1.44 
TECU/min, before declining gradually and returning below 
the threshold at 2:55 UT. 
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Fig. 5: GPS ROTI variations on the night of September 14, 2017, 
during the plasma bubbles observation period. 
 

    

 
 
    This elevated ROTI activity reflects the presence of 
significant ionospheric irregularities. In contrast, during the 
initial and final intervals of the selected period, the values 
remained consistently low, generally below 0.5 TECU/min. 
 
4.3 Projection of IPPs onto ASI Images for Spatial Analysis. 
 
The geographic coordinates of the IPPs were calculated for 
each signal using its direction relative to the receiver, along 
with the receiver coordinated and the assumed ionospheric 
shell height of 450 km. Then they were converted into pixel 
coordinates and mapped onto the ASI images, allowing for 
spatial comparison between the GPS signal paths and the 
observed plasma bubbles. One of the key challenges in this 
approach was the mismatch in temporal resolution between 
the ROTI data and the airglow images.  

Fig. 4: A sequence of OI 630.0 nm images illustrates the evolution of plasma bubbles for the night of September 14, 2017. 
 

Fig. 4: A sequence of OI 630.0 nm images illustrates the evolution of plasma bubbles for the night of September 14, 2017. 
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  While the ROTI values were computed at a 30-second 
cadence, the ASI captured the airglow images approximately 
every 9 minutes. To enable a meaningful spatial and temporal 
comparison, the IPPs were projected onto the images not only 
for the exact time of each airglow image, but also for each 
30-second interval within a ±4.5-minute window around the 
image timestamp. This approach allowed multiple IPPs to be 
projected onto a single image, effectively compensating for 
the lower temporal resolution of the ASI data and capturing 
the signals trajectories that passed through or near the 
observed depletion regions during that period. Figure 6 
displays a sequence of 25 airglow images with small green 
markers superimposed on each image to represent the 
projected IPPs points of different PRN signals (PRN: 
Pseudo-Random Noise code number used to identify 
individual GPS satellites). 
      A detailed visual inspection of the images in Figure 8 
reveals several instances where the IPP traces of the signals 
intersect with plasma bubble structure. For instance, in image 
(i), the IPPs corresponding to PRN 31 passed through a well-
defined bubble located in the northwest portion of the image. 
In the subsequent image, the IPP trace from the same PRN 
continued along a path that crosses a fainter region, 
suggesting a weaker depletion. Additionally, in image (k), 

 

 
 
the IPPs from PRN 10 passed through an area of active 
plasma bubble, located in the central-northern sector of the 
image, for a short period. Then the interaction became more 
significant in image (l), where the IPPs visibly overlapped a 
pronounced depletion band. 
      Focusing on this analysis, the timing of the images 
depicting the intersection of the plasma bubbles and the 
signal traces coincides with the time interval of elevated 
ROTI values. This suggests that the plasma bubbles are 
responsible for the ionospheric irregularities detected in the 
GPS data during this period. To validate this inference, the 
ROTI values associated with the GPS signals received within 
this timeframe were analyzed separately in the next section, 
with particular attention given to determining whether the 
elevated ROTI originated specifically from the signals whose 
paths intersected the plasma bubbles. 
 
4.4 Correlation Between Plasma Bubbles, IPPs, and ROTI 
 
     For further investigation, Figure 7 presents the spatial 
relationship between signal paths and plasma bubble 
structures (upper panel), along with the corresponding ROTI 
variations (lower panel), for the period from 21:00 to 22:00 
LT. 

Fig. 6: The IPPs of GPS satellite signals (green points), corresponding to the image time and all 30-second steps within ±4.5 
minutes, were projected on the airglow images. 
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  As illustrated in Figure 7g, PRN 31 exhibited a consistent 
increase in ROTI values from approximately 21:04 to 21:24  
LT. A gradual rise began around 21:04 LT, but the values 
remained below 0.5 TECU, as the signal started approaching 
the plasma bubbles, as seen in figure 7a. By 21:11 LT, the 
ROTI values increased, coinciding with the intersection 
between the signal and the bubbles (figure 7b). Between 
21:18 and 21:24 LT, the signal appeared to pass through a 
region with less depletion, which likely contributed to more 
rapid electron density fluctuations, further enhancing the 
ROTI that peaked at 1.2 TECU/min.  
      Furthermore, PRN 10 showed elevated ROTI values 
between 21:30 and 21:55 LT as illustrated in figure 7o. The 
values began at approximately 1 TECU/min when the signal 
briefly intersected the bubble region from the north at 21:30 
LT, before moving into a regular ionospheric region as seen 
in figure 7d, resulting in an enhancement in ROTI due to the 
abrupt density gradient. After a slight drop, the ROTI rose  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

followed by a gradual decline, falling below the threshold at 
21:55 LT as the signal path returned to a more stable 
ionospheric environment (figure 7f). These findings support 
the earlier inference that plasma bubble structures were the 
again at 21:43 LT as the signal re-entered the depleted region 
(figure 7e), cause of the ionospheric irregularities detected in 
the ROTI data, as the signals crossed them. In addition, the 
novel finding from this case study is that ROTI values were 
elevated not only when the signal passed through the plasma 
bubbles, but also when it transitioned from a depleted region 
to a more uniform ionosphere. This consist with [47], which 
reported that scintillation is most pronounced along the steep 
walls of equatorial plasma bubbles in India (Kolhapur). The 
enhancement of ROTI, in turn, affects the performance of 
positioning systems, by degrading GPS signal quality, 
reducing the number of visible satellites, and increasing the 
occurrence of cycle slips, which ultimately elevates the errors 
of GPS Precise Point Positioning (PPP) solutions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7: The airglow images with projected IPPs illustrate the intersection of each satellite’s signal path with plasma bubbles 
during the interval between 21:00 and 22:00 LT (upper panel). The corresponding ROTI variations of these satellites are shown 
individually during this period (lower panel). 
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This is consistent with the findings in [54], who demonstrated 
a strong positive correlation between ROTI and 3D root mean 
square (RMS) positioning errors, as well as with the 
percentage of errors exceeding 0.5 m. 
 
      In contrast, the other PRNs exhibit relatively flat ROTI 
profiles, with values generally remaining below 0.5 
TECU/min throughout the observation period. These quiet 
signatures indicate that the corresponding signal paths did not 
intersect any ionospheric irregularities during this time 
window, which is consistent with the findings in the upper 
panel of Figure 7. It is worth noting that PRN 25 displays a 
very limited time series, with ROTI data only available 
between 21:00 and approximately 21:09 LT.  
 
Conclusion  
 
 

      This study presented a comprehensive analysis of plasma 
bubbles by combining data from the El Leoncito all-sky 
imager and co-located GPS receiver during the night of 
September 13–14, 2017. The ASI images revealed the 
formation, evolution, and decay of several PBs. 
Concurrently, the ROTI index derived from GPS 
measurements indicated the presence of ionospheric 
irregularities precisely during the plasma bubbles period. 
Both datasets were used to compare the timing and location 
of airglow depletions with the GPS signal trajectory, by 
calculating the coordinates of the signals IPPs and projecting 
them onto ASI images. This approach was designed to 
evaluate whether the GPS signals traversed plasma bubbles 
and how this influenced the values of ROTI. This approach 
provides clear evidence that the PBs were responsible for the 
ionospheric disruptions causing the observed enhancement of 
ROTI. In particular, for satellites PRN 10 and PRN 31, ROTI 
noticeably increased when their signals traversed through the 
plasma bubbles, whereas the signals whose paths did not 
cross the bubbles exhibited minimal and stable ROTI 
variations, below the threshold. The most significant finding 
from this work is that, not just the crossing through the 
bubbles, but also the transitions between depleted and more 
uniform ionospheric regions can lead to significant increases 
in ROTI, likely due to steep electron density gradients. These 
findings enhance our understanding of EPB and the 
ionospheric irregularities it induces, as well as their impact 
on GPS signals.  
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