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Abstract: The Eyjafjallajökull volcanic ash crisis in 2010 temporarily suspended European air traffic
operations, as the 39-day eruption caused widely dispersed ashes to enter the lower atmosphere. In
this paper, we assessed the effects of this event on the ionosphere layer and, consequently, on GPS
positioning. We collected and analysed the data from four IGS stations, nearest to the volcano, for
the month of April 2010. We recorded Vertical Total Electron Content (VTEC) time series, analysed
their dynamics, and compared them with the GPS positioning errors of a commercial-grade, unaided, single-frequency GPS receiver (simulating the response of a mass-market GPS receiver). The
geomagnetic indices during the time period show little geomagnetic disturbance, especially during
the volcanic event. Our results show an enhancement in ionosphere error by up to 15% during
the volcanic ash event and an enhanced variance in GPS position components errors. This study
reveals the potential impact of the charged volcanic ash on single-frequency, unaided GPS positioning
accuracy in the Adriatic Sea region and establishes a foundation for studying similar events in future.
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1. Introduction
The Eyjafjallajökull volcanic ash crisis disrupted and brought a temporary halt to
European airspace in 2010. The volcanic plume created an exceptional atmospheric event
that disturbed numerous technology systems and services. Along with significant economic
damage, the Eyjafjallajökull volcanic ash crisis provided researchers with an opportunity to
examine the physical mechanisms related to propagation of the hot volcanic ash across the
European continent and the Atlantic Ocean. A number of flights were conducted with the
intention to observe the propagation of volcanic ash and gather the data needed for flight
risk assessments. These flights collected invaluable data for a greater understanding of
physical processes in the atmosphere [1]. The data analysis revealed evidence of increased
ion concentration in the atmosphere [2]. One of the parameters that signifies the amount
of ion concentration is the Total Electron Content (TEC). By definition, TEC is the total
number of free electrons encountered by a GPS signal travelling from a GPS satellite to a
GPS user aerial. It determines the value of the GPS ionosphere delay and causes significant
errors in GPS positioning [3–7].
The Adriatic Sea region is an economically active area in Southeastern Europe, with
an increasing number of GNSS/GPS users. The region was on the border of the extensive
Eyjafjallajökull volcanic ash crisis in 2010, with Vienna, Graz (Austria) and Zagreb (Croatia)
airports closing, Dubrovnik (Croatia) airport being closed only briefly, and Rome (Italy)
airport remaining operational throughout the period of crisis.
This paper aims to discover the extent to which the ionisation processes generated
by the propagation of the Eyjafjallajökull volcanic ash in 2010 affected GPS positioning
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performance; particularly aviation and maritime applications in the region. For this purpose, we used GPS data from the International GNSS Service (IGS) Network reference
stations in the region. These data were used to analyse TEC variation and GPS positioning
deterioration analysis.
The paper is organised as follows: Section 2 defines the problem and outlines previous
research. The sources of data, a data description and the research methodology are provided
in Section 3. The results of the analysis related to TEC variations and GPS positioning
accuracy are presented in Section 4 and discussed in detail in Section 5; The paper concludes
with a summary of the research findings and an outline of subjects for further research in
Section 6.
2. Problem Description and Previous Research
Satellite positioning is a measurement-based estimation process that utilises various
satellite signal codes and phase measurements to estimate the user position. Details of the
position estimation process may be found at [8–10]. A range of solutions to the GPS position
estimation problem may be deployed for the purpose of specific applications. Here, we
focus on mass-market applications in air, maritime and road navigation, and telecommunications (Location-Based Services, LBS), considering the utilisation of commercial-grade,
non-augmented, single-frequency, code-based position estimation. Additionally, we consider the positioning accuracy from the perspective of mass-market users, who are not
concerned with the absolute geodetic accuracy, but require a certain level of positioning
performance for the fulfilment of the Quality of Service (QoS) requirements of related
GPS applications.
This study targets the actual user experience in the exceptional situation of natural
adversarial effects on GPS positioning performance, and not the best-possible absolute
accuracy. The study does not aim to address advanced methods of position estimation
for targeted classes of users (Real-Time Kinematic, RTK; Precise Point Positioning, PPP;
or high-precision, satellite-based services), with specific forms and contents of assistance
and augmentations. We focus on the vast majority of GPS users exposed to extraordinary
natural ionospheric conditions and their effects on the prevalent scenario of GPS position
estimation utilised in their satellite receivers.
The GPS ionospheric delay is the main cause of the GPS positioning error [3,8,11,12]. It
results from the satellite signal propagation through ionised media (ionospheric layers) with
variable refractive index [3–5]. Derived from the Appleton–Hartree formula [4,12], the GPS
ionospheric delay can be determined from the known vertical ionospheric profile [3,4,12]
using (1).
Z ionosphericupperlevel
40.3
N (h) · dh
(1)
d IONO = 2 ·
f
h=sealevel
where:
dIONO —quivalent ionospheric delay (expressed in m) at the
f—nominal frequency of the GPS radio carrier signal (L1 = 1575.42 MHz, L2 = 1227.60 MHz,
L5 = 1176.45 MHz)
N(h)—vertical ionospheric profile (free electrons density in electrons/m3) at height above
the mean sea level, h in m:
TEC =

Z ionosphericupperlevel
h=sealevel

N (h) · dh

(2)

The integral (2) is known as Total Electron Content (TEC), a parameter describing the
overall quantity of charged particles encountered by satellite signals along their path from
a satellite to the user’s equipment. The studies of [10,13,14] outlined the computational
process through which the GPS ionospheric delay propagates to GPS positioning error. It
should be noted that the GPS ionospheric error contributes to the total GPS positioning
error through scaling with the Dilution of Precision (DOP) coefficient. The DOP is deter-
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mined by the geometrical constellation of satellites used for positioning, as seen from the
user’s perspective. While the Horizontal DOP (HDOP) coefficient usually values from the
interval (1–3), the worst-case scenario triples the ionospheric error contribution in the total
GPS positioning error.
Although the major contributor in the TEC equation (2) is charged particles of the
ionosphere layer [12,14–16]; in general, the ionised patches found on the rest of the satellite
signal’s propagation path also play an important role [11,17]. These ionised patches may
appear both above the height of the ionosphere’s top level (due to mainly solar storms
and cosmic radiation) [18], as well as below the ionosphere’s bottom level (due to volcanic
eruptions, thunderstorms and supersonic flights, respectively) [4,16].
The complexity of the formation of ionised layers and areas in the upper Earth’s
atmosphere renders the modelling of the GPS ionospheric delay a challenging task. In
general, the GPS ionospheric delay can be described as a linear model of deterministic and
stochastic components [14,19], as presented with (3):
d IONO = d0 + dcos + ediono

(3)

This model (3) comprises of stochastic and stable patterns of the GPS ionospheric
delay dynamics, a nightly constant value and a daily cosine-shaped GPS ionospheric
delay rhythm, as exploited in the Klobuchar model of GPS ionospheric delay correction [3,17,20]. The stochastic component of (3) contains the GPS ionospheric delay resulting
from the unexpected and unpredictable processes that contribute to the overall TEC during events of unknown and limited duration, and constrained spatial outreach, such as:
ionospheric/geomagnetic storms, earthquakes, volcanic eruptions, thunderstorms and
supersonic flights.
Additional attempts to model the GPS ionospheric delay were conducted using various
approaches on both global and regional scales [14,17,18,21,22]. However, they still failed to
recognise the sudden and stochastic local ionospheric events. The studies of [1,2] used the
case of the data-rich Eyjafjallajökull volcanic ash crisis to describe the temporal formation
of the ionised layers below the ionosphere, generated by volcanic eruption and volcanic
spatial propagation processes. This description established the foundation for a study on
the effects of the temporal ionised areas, generated by volcanic ash below the ionosphere
on the total TEC, GPS ionospheric delay and, subsequently, the overall GPS positioning
performance during the occasions of volcanic ash eruption and dispersion.
The GPS positioning performance affects the quality of systems and services that
utilise GPS as their foundation [23–25]. The definitions of the actual relation and risk
analysis of GPS-based development are deeply application-dependent, and remain the
subject of intensive research worldwide. The studies of [25,26] provided a cross-disciplinary
qualitative assessment that could serve as the background for advanced research.
3. GPS Positioning Accuracy Deterioration during Volcanic Ash Crises in the Adriatic
Sea Region
3.1. Data Sets
The global network of ground-based GPS receivers by International GNSS Service
(IGS) provide raw GPS data in form of RINEX files to all users. The IGS reference stations
collect various GPS-related observations, including raw dual-frequency GPS pseudoranges,
and broadcast navigation messages regularly (every 30 s) and continuously (24 h a day for
the whole year), for the purpose of post-processing and research. These reference stations
comply with the IGS standard for data collection, design and the operation of the IGS
reference site. The IGS process assures that raw GNSS pseudoranges do not encompass
the errors caused by local effects, thus offering the objectively collected data affected by
common sources of positioning error (ionospheric delay, satellite clock error and satellite
ephemeris error) [10,27]. The dual-frequency, raw GPS pseudorange observations were
collected at the four IGS reference stations in the region of interest (Figure 1 and Table 1).
These data may be found at https://igs.org/data/ accessed on 6 November 2021. The
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single-frequency raw GPS pseudoranges were split into daily sets per site, and statistically
analysed to identify the quality of performance and potential anomalies.

Figure 1. Positions of Eyjafjallajökull volcano (left), and the IGS reference stations in the Adriatic Sea
region that provided GPS observations for the research presented (right); illustrations were arranged
using Open Street Map spatial data, and a bespoke software development in the R environment was
used for statistical learning.
Table 1. Details of the IGS reference stations that provided GPS observations used in this research.
Reference Station

Latitude (◦ N)

Longitude (◦ E)

Height above Sea Level (m)

Graz, Austria
Padova (Padua), Italy
Dubrovnik, Croatia
Ohrid, Macedonia

47.0671
45.4111
42.6500
41.1273

15.4935
11.8961
18.1104
20.7941

538.30
64.70
454.28
7773.00

GPS data for a period of 30 days: from 1 April 2010 (day 091 in 2010) to 30 April 2010
(day 120 in 2010), were used in the assessment of the GPS positioning performance. The
time interval was selected based on the predicted volcanic ash circulation in the region,
as presented by the UK Met Office volcanic ash prediction charts [28]. The Met Office
charts serve as the reference material for volcanic ash circulation for various utilisations
(including the risk analysis for aviation, and later research studies), in the absence of the
other sources of systematically collected data.
TEC values were derived from dual-frequency GPS pseudorange observations, using
the GPS-TEC v3.0 software, developed and maintained by Dr Seemala [29]. We utilised
the receiver bias estimation procedure embedded in GPS-TEC software [10,29]. This is an
open-source software available at https://seemala.blogspot.com/. The actual GPS ionosphere delay was estimated using the open-source software TEQC, available at UNAVCO
website https://www.unavco.org/software/data-processing/teqc/teqc.html, accessed on
6 November 2021.
The positioning solutions were obtained using the open-source, software-defined radio
RTKLIB [30], and other statistical analyses were performed using customised algorithm
developed in the R environment.
For assessing the status of the positioning environment during the time of the Eyjafjallajökull volcanic ash crisis in 2010, we analysed the solar (F10 and Sn indices) and
geomagnetic (Dst, Kp and ap indices) activity during the period in question [31]. The results
were used for establishing the distinction between GPS positioning error effects caused
by global (solar/geomagnetic/ionospheric disturbances) and local (volcanic ash-related
ionisation) ionospheric activities, respectively.
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3.2. Outline of Methodology
The downloaded data from IGS stations were input into the RTKLIB software in order
to simulate the behaviour of a single-frequency GPS receiver using real GPS pseudorange
observations [29]. The software-defined RTKLIB GNSS receiver (rev 2.4.3 b34) was set
to apply GPS-only, single-frequency position estimation with an elevation mask at 15º
and broadcasted satellite ephemeris data. The broadcast model (i.e., Klobuchar) was
applied for ionosphere correction and broadcast data and the utilisation of broadcast
ionospheric (Klobuchar) and Saastamoinen model for tropospheric correction, as depicted
in Figure 2. This may be considered a common practice for an ordinary, single-frequency
GPS receiver [32,33].

Figure 2. Software-defined RTKLIB GPS receiver settings in presented research.

The RTKLIB GPS receiver returned position estimates, as well as the position estimation errors calculated using the known position of the reference station in a tabular data
format suitable for further processing [30]. Data pre-processing and the statistical analysis
of the GPS positioning error time series was conducted using the R-based [34] software we
developed for the purpose of the research.
The same raw dual-frequency GPS observations were then used for the estimation
of the Total Electron Content (TEC) [10,20,35], a result of the ionospheric conditions that
directly determined the GPS ionospheric delay. The open-source tool TECQ was used for
the determination of the actual GPS ionospheric delay (VTEC) from dual-frequency GPS
observables [36]. Time series of VTEC values (equivalent to GPS ionospheric delay) were
further processed using our own R-based software. Time series of VTEC values observed
during the European volcanic ash 2010 crisis were compared with the normal VTEC values
observed at the same station sites in quiet-space weather and ionospheric conditions, in
order to assess the contribution of volcanic ash to the overall GPS ionospheric delay [7,33].
In addition, a due consideration was given to the global status of the geomagnetic and
ionospheric conditions, using the reference data from [37], in order to distinguish volcanic
ash affects from potential effects of global geomagnetic and ionospheric storms.
The contribution of the Eyjafjallajökull volcanic ash to total VTEC is estimated using
an indirect methodology: Time interval of the VTEC encompassing just the ‘background’
ionospheric production is identified as the period after 15th April. This is when the
Eyjafjallajökull volcanic ash receded from the geographical region in observation, according
to [28]. The time interval of the VTEC containing the ‘background’ ionospheric production
and the Eyjafjallajökull volcanic ash contribution was identified as the period with no
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active geomagnetic events. This is determined using Dst time series as an indicator of
geomagnetic activity. Derived VTEC and GPS positioning error values during both periods
were compared. Then, the estimated VTEC contribution due to the Eyjafjallajökull volcanic
ash effects was obtained as the difference between the scenarios of the presence and absence
of the Eyjafjallajökull volcanic ash.
The proposed methodology assumes the experimental GPS observations to be free of
additional sources of ionisation, which would otherwise compromise the results. The IGS
network methodology for observation provides a framework for a reasonable fulfilment of
such an assumption. An additional effort was made to exclude the data with geomagnetic
activity (as deduced from the Dst).
4. TEC and GPS Positioning Accuracy Analysis Results
4.1. The Space Weather Conditions during the Period of Study
Figure 3 presents the global indices (Ap, Kp, F10, Sn and Dst) for the month of April
2010. A short-time geomagnetic disturbance occurred around Day 105 (5 April 2010), as
highlighted in Figure 3. Other than this, it is observed that the space weather situation was
mostly calm in the period covered by this research. This allowed for the presumption that
any potential positioning accuracy deterioration or VTEC enhancements, occurring other
than Day 105, are solely by the Eyjafjallajökull volcanic ash.
4.2. Ionospheric Delay Observations and VTEC
Vertical TEC (VTEC) observation time series are derived from dual-frequency GPS
observations, as outlined in Section 3.2. and depicted in Figure 4, using the equivalence
between VTEC and the ionospheric time delay dIONO (1) and (2). A comparison was
made between the days of considerable TEC disturbance and quiet TEC conditions for the
reference sites in observation, as depicted in Figure 5. Figure 6 depicts the ionosphere delay
error for all stations in metres. We infer that the enhancements observed on Day 105 were
due to the mild geomagnetic disturbances (as depicted in Figure 3). However, it may be
observed from Figure 4 that the increase in error variation is also observed on Day 114
(highlighted in the figure) when there is no geomagnetic disturbance. These increased
levels of the vertical ionospheric delays are particularly evident at the reference stations
significantly affected by the Eyjafjallajökull volcanic ash: Graz, Austria, with approx 15%
increase in the maximum value; and Padova, Italy, with approximately a 16% increase
in the maximum value, respectively, compared with the undisturbed levels. We infer
that the increased vertical ionospheric delay in latter period may have resulted from the
Eyjafjallajökull volcanic ash effects.
To further investigate the increase in VTEC on Day 114, we compared the diurnal TEC
of Day 114 (indicated as Disturbed Day on Figure 5) with the quietest day in the month
of April 2010 (indicated as Quiet Day on Figure 5). The quiet day was chosen as the day
with Kp ≤ 2. A significant increase in VTEC, especially for Dubrovnik and Ohrid stations,
was observed, and thus further confirmed that an unexpected VTEC enhancement was
obtained on Day 114 when the geomagnetic activity was undisturbed.
4.3. Analysis of GPS Positioning Accuracy at Reference Sites
The GPS performance was assessed by estimating the calculated GPS positioning
errors along the three co-ordinates of the spatial co-ordinate system. The statistical analysis
of the northing, easting and height positioning errors is presented in this section. The
box-and-whisker plots of northing, easting and vertical positioning errors, respectively, for
related IGS reference stations are shown in Figures 6–9.
A further analysis of daily GPS positioning errors revealed significant effects on the
GPS position error variance, especially for vertical component error (up to 100%), and
easting error (up to 25%). Inconclusive results were obtained in regard to the mean error of
positioning components, as some components encountered an increase in the error during
the volcanic ash period, while the others decreased.
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Figure 3. Planetary indices during the month of April 2010. Anomalies are indicated by highlighted area.
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Figure 4. Time series of vertical TEC (VTEC) values, during days April 2010, as observed at
reference stations.
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Figure 5. Comparison of diurnal VTEC on Day 114 (disturbed day) and the quietest day of the month
(i.e., Kp < 2) for all four stations.

Figure 6. Box-and-whisker plot of GPS positioning errors as observed at Dubrovnik, Croatia reference
station during days 100–120 in 2010.

Atmosphere 2022, 13, 47

10 of 15

Figure 7. Box-and-whisker plot of GPS positioning errors as observed at Graz, Austria reference
station during days 100–120 in 2010.
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Figure 8. Box-and-whisker plot of GPS positioning errors as observed at Ohrid, Northern Macedonia
reference station during days 100–120 in 2010.
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Figure 9. Box-and-whisker plot of GPS positioning errors as observed at Padua, Italy reference station
during days 100–120 in 2010.

5. Discussion
The spatial variations of the GPS positioning error components do not present any
recognisable patterns created by the Eyjafjallajökull volcanic ash ionisation processes;
instead, they have a very uncertain and inconsistent effect.
Assuming the utilisation of a single-frequency, un-aided GPS receiver and the positioning accuracy requirements outlined in Table 2, the potential risk in degraded GPS
positioning accuracy was identified for particular aviation and maritime applications listed
in [26]. The potential impact of Eyjafjallajökull volcanic ash processes was identified
for more demanding GPS-based navigations, such as SAR operations, a precision-based
approach, autonomous aircraft/vehicle/vessel navigation, etc., and non-navigation applications [25]. The degradation of position caused by the volcanic ash event also posed a risk
for scientists using GPS to understand ionospheric phenomenon.
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Table 2. Quantification of the qualitative GNSS positioning accuracy requirements outlined in [26].
Positioning Requirement as Stated by
(Thomas et al., 2011)

Proposed Quantified Level for the Purpose
of Comparison and Risk Assessment

Low
Medium

15 m
10 m

The statistical analysis of the GPS ionosphere delay is summarised in Table 3. The
vertical ionospheric delay mean values and their variations were more pronounced in
the southern part of the region, which was not affected (or marginally affected) by the
Eyjafjallajökull volcanic ash [28]. This is consistent with the vertical ionospheric delay
characterisation during quiet ionospheric conditions, when southern reference stations
encountered higher values of both vertical ionospheric delays compared to the northern
stations. This may be explained by the difference in the energy received both directly from
the Sun and from the processes of free electrons transfer from subequatorial region [16,33].
Table 3. Statistics of vertical GPS ionospheric delays during days 100–120 in 2010.

Reference
Station

Mean over
the Period

Standard
Deviation
over the
Period

Dubrovnik
Graz
Ohrid
Padova

3.29
2.77
3.91
2.70

3.03
2.46
3.49
2.34

Average of
Daily
Means

Standard
Deviation
of Daily
Means

Average
Daily
Maximum

Standard
Deviation
of Daily
Maximum
Values

3.94
2.87
4.03
2.76

0.79
0.47
0.69
0.34

10.11
7.10
10.26
7.28

1.84
0.79
1.73
1.18

However, the evidence for increased vertical ionospheric delay in days 110–115 suggests another, slightly less dominant ionospheric process that caused the increase in the
maximum vertical ionospheric values. After excluding the other potential causes, the
Eyjafjallajökull volcanic ash remains the only underlying factor that may explain these
enhanced variations. The observed VTEC increase also fits into the model (2) as a spatially
and temporarily constrained addition to the VTEC dynamics. It has an evident, but minor
effect on the majority of unassisted, single-frequency, GPS-based navigation applications.
Nonetheless, it should be noted that the contribution of the GPS ionospheric delay to
the total GPS positioning error can be amplified by up to three times, depending on the
local topology and constrains in the clear sky visibility, both characterised by the dilution
of precision.
6. Conclusions and Future Work
This study focused on the assessment of the Eyjafjallajökull volcanic ash crisis on
unassisted, single-frequency GPS positioning accuracy in Europe in the spring of 2010.
This unique event not only affected transport and traffic systems and services, but also
caused extraordinary atmospheric conditions, which impacted technology systems, such as
GPS. This paper aimed to study the volcanic ash ionospheric effects on the GPS positioning
performance of unaided, commercial, single-frequency GPS receivers utilising the essential
position estimation algorithm. This application scenario was selected to encompass a
wide population of users with smartphone-based telecommunications applications. In
due course, we assumed the utilisation of a standard set of GPS observation corrections
(ionospheric, tropospheric and satellite clocks) provided by the operator of GPS.
In this paper, we post-processed data from IGS stations in the vicinity of the volcanic
eruption. We analysed the vertical Total Electron Content (VTEC) and the GPS positioning
errors during the period of the Eyjafjallajökull volcanic ash crises from the perspective of
the GPS-based navigation applications.
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The analysis revealed a period of increased VTEC, spatiotemporally correlated with
the propagation of the Eyjafjallajökull volcanic ash. In the period of concern, VTEC observations were occasionally compromised with the additional contribution of short-term
and moderate natural geomagnetic events. However, we identified events and estimate
d their effects, which allowed for identification of the contribution of the Eyjafjallajökull
volcanic ash to VTEC production. The observed VTEC increase was super-imposed onto
the common ionospheric processes of a more pronounced intensity. The analysis revealed
ionosphere delay enhancements of up to 15%, resulting from Eyjafjallajökull volcanic ash
ionisation processes. We find inconclusive evidence on the bias (mean error) effects of the
volcanic ash on GPS positioning performance. However, we find an increased variance in
position component error estimates of up to 100% for vertical, and up to 20% for eastern
component errors, respectively.
Our results suggest that the volcanic ash effects have the potential to affect unaided,
standard navigation solutions. Future research will focus on the identification and overcoming of such effects for precision navigation; the findings presented here are for the
assessment of short-term ionospheric disturbances.
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