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Abstract

Nowadays, observations from the Global Navigation Satellite System (GNSS) are one of the
most valuable datasets used for ionosphere remote sensing. One of the fields of such studies is to
detect and describe the different-scale ionospheric effects, including the main ionospheric trough.
This phenomenon is recognised as a large-scale depletion in plasma density with sharp gradi-
ents at the edges, observed at the boundary between the high- and middle-latitude ionosphere.
Due to the connection between the trough and auroral oval, it exhibits a high dependence on the
geomagnetic activity. This work presents a cross-evaluation of ionospheric trough detection using
various GNSS-based methods. The assessment utilises multi-station geometry-free (GF) linear
combination (L.C) GNSS data, converted to vertical directions, and global ionospheric maps. In the
former case, data from several dozen stations located in the Northern Hemisphere are used to
provide a spatial view of the analysed ionospheric phenomenon. The study focuses on the patterns
of trough during high geomagnetic activity that occurred in March 2012. The results confirm that
the network-derived GF LLC GNSS time series, scaled to a vertical ionospheric path, can be success-
fully used for ionospheric trough monitoring. Such datasets provide complex signatures of trough
during two selected cases corresponding to different phases of the storm. In contrast, the results
derived from the global ionospheric maps suffer from generalisation, the level of which depends
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on the generating algorithm. The comparison of such products provided by UPC and ESA reveals the
outperformance of the former, characterised by RMS values at the level 1.7-1.8 TECu. In contrast, the
patterns of ionospheric trough in the ESA product are significantly deteriorated, even to 4.4 TECu RMS.

Introduction

The Global Navigation Satellite System (GNSS) is a powerful technique used
in a broad spectrum of earth sciences. The crucial applications include navigation,
satellite positioning, and atmospheric investigations, involving both the troposphere and
the ionosphere (HERNANDEZ-PAJARES et al. 2011, BRANZANTI et al. 2013, PAZIEWSKI
2015, BANVILLE et al. 2017). Among those mentioned above, particularly interesting
is the coupling between GNSS measurements and the ionised part of the atmosphere.
On the one hand, the free electrons deteriorate GNSS signals. Still, on the other
hand, the application of multi-frequency signals allows us to utilise the geometry-free
(GF) GNSS data (also called L,/P, linear combinations (LC) for phase and code
measurements, respectively) as a sensitive sensor of the ionospheric impact. Taking
into account the latter advantage, GNSS-based ionospheric investigations include two
main directions: regional/global vertical total electron content (VTEC) mapping and
forecasting (KOMJATHY et al. 2005, JAKOWSKI et al. 2011, L1 et al. 2015, REN et al.
2016) as well as the detection of plasma irregularities (WAUTELET, WARNANT 2014,
SIERADZKI 2015, TSAGOURI, BELEHAKI 2015, NING, TANG 2018). The investigations
in the former group typically estimate the average state of the ionosphere, taking
into account hardware biases. At the same time, the latter leverages the temporal
variation of raw, geometry-free series.

The shape and complexity of the ionosphere depend strongly on various
physicochemical processes and interactions with other atmospheric layers, as well
as space weather conditions. Consequently, the most complex structure is observed
for polar and auroral areas (BOWLINE et al. 1996, KULLEN et al. 2002, PRIKRYL et al.
2015, SIERADZKI, PAZIEWSKI 2019), where the lines of the geomagnetic field intersect
the ionosphere, creating a window for the transfer of solar energy. The connection
between the magnetosphere and the ionosphere drives the high-latitude convection
pattern and is responsible for generating large-scale phenomena, such as polar patches,
as well as smaller-scale irregularities that form the auroral oval. It also supports
the generation of depletion in electron density, known as the main or middle-latitude
ionospheric trough (AA et al. 2020, PEREVALOVA et al. 2020, LUBYK et al. 2022).
This phenomenon occurs directly below the auroral oval and consists of three main
parts: the poleward and equatorward walls, separated by the depression in plasma
amount. The trough corresponds to the variation in the nighttime F-region of the
ionosphere that typically occurs between 50° and 70° of geomagnetic latitude. Still,
its actual position depends on many factors, including season, geomagnetic/solar
activity, and magnetic local time (WERNER, PROLSS 1997, HE et al. 2011, ISHIDA et al.
2014). The ionospheric trough is characterised by a long extension along the longitude,
approximately within the range of 18:00 to 06:00 magnetic local time, and a relatively
narrow width, reaching several degrees in latitude. The main processes believed
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to be responsible for the generation of this phenomenon are: the stagnation
mechanism, related to counteracting the corotation of the Earth and the polar
convection (NILSSON et al. 2005, RODGER 2008), and amplified recombination
rate following enhanced ion temperature (FOSTER, BURKE 2002, RODGER 2008).

The up-to-date analyses of the ionospheric trough utilised a broad spectrum
of techniques, including, among others, in-situ measurements from low-Earth
satellites, incoherent scatter radar, and GNSS (HORVATH, ESSEX 2003; LEE
et al. 2011, ISHIDA et al. 2014, AA et al. 2020). Considering the latter technique,
the investigations included both global/regional VTEC maps and analyses
of geometry-free series variation (PRYSE et al. 2006, KRANKOWSKI et al. 2009,
PEREVALOVA et al. 2020, ROYERSMITH et al. 2025). All these reports confirm
the applicability of both GNSS-based algorithms. Consequently, there is no
doubt that their potential will increase as the densification of ground-based
networks of permanent stations progresses. Nevertheless, both approaches have
advantages and disadvantages. Considering global VTEC maps, we obtain full
spatial coverage for a specific time interval, but at the cost of generalisation
driven by the function describing the ionosphere. On the contrary, geometry-free
combination time series provide real slant TEC (STEC) information and thus,
a true signature of the phenomenon, assuming the neglected impact of phase
data noise. The weaknesses of the second methodology are gaps related to the
distribution of stations and ambiguous absolute levels of STEC or VTEC values.

The existence of two widely adopted GNSS-based approaches motivates the
cross-evaluation of the signatures of the ionospheric trough and a comparison
of the corresponding results. For this purpose, an algorithm is adopted that
converts the multi-station GF linear combination time series to a vertical
ionosphere path, utilising global VTEC values for support. The case study analysis
includes two cases corresponding to different states of the ionosphere.

The work is organised as follows. It starts with a description of geomagnetic
activity during test days. The next section provides details of the methodology
applied to derive the GF LC time series and their subsequent conversion
to a vertical direction. Then, the real signatures observed in measurements,
as well as their reflection in global VTEC maps, are demonstrated. Finally,
the conclusions are drawn.

Geomagnetic conditions

To highlight the differences between the signatures of trough in the GF series
and global VTEC maps, active geomagnetic conditions were selected. Thus, based
on earlier results (SIERADZKI, PAZIEWSKI 2019), data collected in March 2012
were used, which constitute a highly disturbed period that extended practically
for the entire month. To clarify the geomagnetic conditions, Figure 1 presents
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the variations of the north-south component of the interplanetary magnetic
field (IMF Bz) as well as two geomagnetic indices, AE (Auroral Electrojet) and
SYM-H Symmetric-Horizontal), for a period from March 6 to 9, 2012. For this
purpose, 1-minute values from the OMNI database (http://omniweb.gsfc.nasa.
gov) were adopted, which is acknowledged.

As can be read from Figure 1 and SYM-H index values, two geomagnetic
storms occurred on March 7 and 9. The first geomagnetic storm was initiated with
the interplanetary shock observed in Advanced Composition Explorer spacecraft
data at ~03:30 UTC on March 7, 2012 (TSURUTANI et al. 2014). Consequently,
due to a negative IMF Bz, the main phase of the storm began, reaching its
maximum of -98 nT at ~06:50 UTC. Simultaneously, the intensified auroral
activity (AE index) was registered. As reported in (SIERADZKI, PAZIEWSKI 2019),
the maximal extension of the auroral oval occurred at ~10:00 UTC. Over the next
few hours, we observed the repeated reorientation of IMF Bz, which stabilised
at a positive level around 22:00 UTC, terminating the activity in the auroral
zone. Such conditions lasted until a positive impulse from the interplanetary
shock, resulting in an abrupt increase of SYM-H to 54 nT (~11:06 UTC, March 8,
2012). As can be seen in Figure 1, the main phase of the second storm was, in this
case, delayed and started after the north-to-south switch of the Bz component,
which occurred at 2:20 UTC on March 9, 2012. Considering the second storm,

B, [nT]

AE [nT]

SYM-H [nT]

Day of March 2012

Fig. 1. Variations of the interplanetary magnetic field (IMF Bz) and geomagnetic parameters
(AE, SYM-H) during March 6-9, 2012
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the minimum of the SYM-H parameter equals -148 nT and was followed by very
intense auroral activity up to 17:00 UTC.

Since the position and the poleward wall of the ionospheric trough are basically
driven by the external boundary of the auroral oval, two different-condition
cases, marked in Figure 1 as #1 and #2, are selected. The first of them, reported
in (SIERADZKI, PAZIEWSKI 2019) using relative STEC values, corresponds to an
extremely expanded oval during the main phase of the storm. The second, on
the contrary, coincides with only slightly increased AE values following the
interplanetary shock that initiated the storm on March 9, 2012. Thus, the still
detectable poleward boundary of the trough is expected at higher latitudes.
Furthermore, this event was preceded by a long period of quiet and a depleted
ionosphere. The selection takes into account the distribution of permanent
stations, allowing us to retrieve the signatures based on data from multiple
stations.

Algorithm of ionospheric trough detection

The extraction of precise information on relative ionospheric variation
is typically realised with the GF linear combination of phase GNSS data, also
often denoted as L, (KRYPIAK-GREGORCZYK, WIELGOSZ 2018), and that notation
is used in the equations. This combination takes the benefit from dual-frequency
GNSS signals and can be written for the satellite k and receiver s according
to the equation:

lei,s = LI{,S - Lg,s = Izlf,s + le}c,s 1

As can be seen from Equation 1, the outcome is basically a difference of phase
data at both frequencies (L’l"s, le(,s’) that eliminates all geometric and clock factors.
Consequently, the equation can be rewritten as a sum of scaled, epoch-wise
ionospheric delay (I'i’s) and term B’;S), which couples the difference of ambiguity
terms for both signals as well as the corresponding function of hardware delays.
Since the latter factor can be assumed as a short-term constant, the entire
variation in the GF series represents the impact of the ionosphere and thus,
provides real information on the variability of this layer.

Examining the series, we should note that terms B’;s are specific for
a particular arc and can be affected by cycle slips. To overcome these limitations,
the following algorithm is adopted. Initially, the GF combination series is cleaned
of cycle slips. Since these distortions are frequent under high-latitude storm-
time conditions, they are repaired using code measurements with the following
steps. At first, the cycle slips are identified using the between-epoch differences,
with the threshold empirically set to 5 TECu/min. The setting of such a high
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threshold is driven by a strongly variable ionosphere, which in extreme cases
may approach this value. The feasibility of small cycle slips is further evaluated
through a comparison of data from different stations. Then, for the subarcs with
no distortions in nhase measurements for at least 15-minute intervals, the series
between epochs ! and / are levelled with code data using the equation:

Tk — 1k : k k —_~ k
L4-,S(i__j) - L4-,S(i__j) - medlan(l"l-,S(i_j) + P4,s(i_j))subarc - _P4-,S(i‘_j) (2)

In cases of shorter periods with cycle slips, the algorithm leverages Equation

2 and allows us to replace Z’i, Sty with a five-epoch moving average of GF linear
combination of pseudorange data (—Pfs @ ]_)). Such processing slightly smooths

the pattern of structures in the time domain, but it does not significantly distort
the analysed signatures. This is particularly justified due to the frequent cycle
slips occurring mostly above the poleward wall of the trough.

Since the clean dataset of phase GF LC(Z"‘;,S (i__],)) represents the slant iono-

spheric information and depends on differential code biases, which vary between
the satellites and receivers, we need to standardise them to a single level.
Considering the purpose of the work, VTEC values from the global ionospheric
map are utilised as a reference.

For this purpose, an epoch with no significant variation in the clean dataset
is selected. For this data, which includes computed coordinates of the ionospheric
piercing point, the VTEC value from the global map is interpolated and converted
to a slant path using a single-layer model. Subsequently, the entire series
of Zﬁ,s @ is shifted to the reference STEC value from the map (S’"—I"\E'dC'ifs(i_.j)) and
converted back to the vertical direction, providing the final VTEC ffls @ values
for a particular arc.

The functionality of the algorithm is presented in Figure 2, demonstrating the
levelled time series in both the slant and vertical directions for the dataset from
two American stations: GOBS and P023. The (STW}{‘_S (i"]_)) data are presented
in blue, while the converted V’TEfCJf’S W data are marked in black. The values
are aligned to VTEC from hourly global ionospheric maps (GIM) generated and
provided by Universitat Politéecnica de Catalunya (UPC) at 12:00 UTC, in such
a way as to fulfil two conditions: the possibly high elevation and a relatively quiet
ionosphere. As one can observe, even in this initial view, the clear difference
between the map and the actual signature is demonstrated. The global map
basically reveals only the poleward wall of the trough with a peak around
11:00 UTC. In contrast to this, in the VFTTC‘{‘,S(LD dataset, we see the entire
signature of the analysed ionospheric phenomena, as well as the small-scale

irregularities that occurred in the auroral oval area.
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Fig. 2. GPS PRN 2 STEC and VTEC values from stations GOBS
and P023 aligned to global ionosphere maps provided by UPC

The GNSS-based signatures of the ionospheric trough.

Based on the promising single-arc results, the focus is on comparing
a multi-station VTECifs(i N dataset with corresponding results from two
global ionospheric products. Specifically, the hourly GIMs provided by the UPC

and the European Space Agency (ESA) are used. These GIMs are generated
using various algorithms, including the kriging interpolation method and
the spherical harmonic expansion, respectively (FELTENS 2007, ORUS et al.
2005). Both of these analysis centres participate in generating a global
International GNSS Service (IGS) product, recognised as the most precise
source of information on the ionosphere. However, since the latter is a combined
map, I decided to use the original UPC and ESA outcome.

To justify the selection of two global maps, derived using different
algorithms, Figure 3 provides examples of these maps for the epoch
of 10:00 UTC on March 7, 2012. The displayed products clearly demonstrate
the expected discrepancies. Thus, the GIM of ESA, which takes advantage
of spherical harmonic expansion, is much more generalised, while the UPC
product provides more detailed information for specific areas. The most
significant differences are observed in the equatorial region and southern
middle latitudes, where an abnormal dayside TEC enhancement is noted below
the auroral oval. The latter signature seems to be related to a storm-induced
effect known as the tongue of ionisation. The occurrence of this large-scale
phenomenon only in the case of UPC maps is likely associated with the different
datasets used by particular centres, as well as the relatively low number
of permanent stations in this area. Nevertheless, the apparent discrepancies
also occur at high latitudes, including the night-side trough region.

Technical Sciences 28, 2025
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Fig. 3. The ionospheric maps provided by ESA (top panel) and UPC (bottom panel)
for March 7, 2012, 10:00 UTC

The case on March 7, 2012

The first analysed case concerns the epoch marked in Figure 1 as #1, i.e.,
the signature of the ionospheric trough near the peak of the geomagnetic
storm at 10:00 UTC on March 7, 2012. As AE values support it, we should
expect an enormously expanded auroral oval and a moving ionospheric trough

equatorwardly. For the presentation of an actual VTEC, Jf, Sty variation (referenced

to the UPC map at epoch 12:00 UTC), the single-arc dataset from 16 stations,
located in the west and central part of the United States and belonging to the
Plate Boundary Observatory (PBO) mission (Figure 4) is used. The selected sites
form a linear sub-network that allows clear visualisation of the ionospheric
trough for different longitudes. The north-west to south-east distribution
asymmetry is a consequence of the dependence of phenomenon boundaries
on geomagnetic latitudes.

Technical Sciences 28, 2025
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Fig. 4. The distribution of permanent stations used in the case on March 7, 2012

Figure 5 shows the comparison of the ionospheric trough signatures derived
from the multi-station single-arc dataset of VTEC i"; s and the global VTEC maps.
In the former case, I interpolate the VTEC. f’s W surfaces using a triangulation
method, assuming a linear change between samples, for the PRN 2 and PRN

4 GPS satellites. Since the VTEC GIM maps are provided in the geographical
reference frame, this system is used for the visualisation.

Examining the outcome for case #1, we definitely see that signatures in
VTE Cf's @ data reveal true gradients associated with the ionospheric trough.

Accordingly, for both adopted GPS satellites, one can observe the expected pattern
of this phenomenon, including pole- and equatorward boundaries separated
by a depression in plasma amount. The latitudinal range of the trough,

corresponding to a distance between the VTECff,S(L_].) peaks, equals to ~4°.
The gradient at the poleward wall is significantly higher, and GPS PRN 2 exceeds

even 5 TECu for a one-degree change in latitude. The narrow depression,
located approximately at 44° of geographical latitude, is characterised by
a reduction of electron content by 6 TECu as compared to the poleward peak.
In contrast to the detailed view in single-arc datasets, the outcome
given by the GIMs is strongly spatially smoothed. As one might expect, the
blurring of the ionospheric trough signature appears extreme in ESA maps.
As a result, while we see a 2 TECu depletion in VTEC values approximately
at 42° of latitude, there are no clear signatures of walls. Instead, we observe
a gradual increase in VTEC values in both the pole and equator directions,
respectively. It suggests that the spherical harmonics, used in ESA maps
with settings for global VTEC representation, may not be suitable for trough
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GPS PRN 2 GPS PRN 4

Fig. 5. The ionospheric trough signatures derived from the multi-station single-arc solutions
(top panel) and global ionospheric maps (bottom panel) at 10:00 UTC on March 7, 2012

recognition. We get slightly better results for the UPC map. The latitudinal
location of the trough is closer to a proper position (~43° of latitude), and we
observe a much more pronounced signature of the poleward wall, resulting
in a depletion of 4 TECu. Still, as a result of kriging interpolation, its peak is
shifted toward high latitudes. Furthermore, similar to the ESA map, there is
no clear signature of equatorward wall, but a slow increase in VTEC toward
lower latitudes.

To depict the residuals and quantify the agreement between the true
GF series and both GIMs, the longitudinal profiles for all solutions are
provided in Figure 6. Since the signatures of trough reveal only a very weak
dependence for different meridians, we select a longitude equal to -114° for
this purpose. Examining the outcome for the ESA product, we observe the
maximal residuals at both edges of the trough reaching up to 2.5 TECu and
3.8 TECu for equatorward and poleward walls, respectively. The profile for
UPC GIM confirms the latitudinal smoothing of the trough signature. Thus,
the maximal discrepancy between this product and the GF series occurs not
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only at the true position of the analysed phenomena but also at the edges
of the investigated area. Consequently, while the UPC map at least partly
depicts the pattern of the ionosphere, the RMS values for both cases are very
close, varying between 1.7 and 1.8 TECu.

16 peseesrrsmsemgremmemnaens oo feene gy e :
14 4
3121
o RMS ESA 1.8 TECu
E 0. RMS UPC 1.7 TECu
O —ESA
=y : —UPC
> 5 — GPS PRN 2
6 ;
4 T T T ; ; 1
36 38 40 42 44 46 48

Latitude [°]

Fig. 6. The longitudinal profiles of VTEC for ESA and UPC GIMs as well as the corresponding
values derived from a single-satellite solution using GPS PRN 2 data.
The adopted longitude is equal to —114°

The case on March 8, 2012

The second analysed case, at 14:00 UTC on March 8, depicts the conditions
immediately after a prolonged period of northward IMF Bz and a switch
in orientation to south, marked in Figure 1 as #2. As a consequence, it connects
the global depletion of VTEC, resulting from a negative recovery phase following
the storm on March 7, and an initial phase of increased auroral activity. Thus, the
ionospheric trough during test case #2 occurred at higher latitudes compared
to the previously described one. Due to this reason, in the second experiment,
GNSS data from PBO stations, which are primarily located in Alaska (Fig. 7),
is used.

As in the case #1, the chosen sites create an almost linear sub-network that
supports the detection of the ionospheric trough region. To ensure consistency,
the outcome for test #2, as shown in Figure 8, includes the multi-station single-
arc dataset of VF'I?Z'/CL{‘_S W for two GPS satellites (PRNs 18 and 21), as well as
the GIMs provided by ESA and UPC. In the former case, series are aligned
to map at 16:00 UTC, March 8.

Analysing the actual signatures given in the top panel of Figure 8, we observe
a completely different shape of the ionosphere for the trough region as compared
to the case #1. While the auroral activity generates a notable poleward boundary
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Fig. 7. The distribution of permanent stations used in the case on March 8, 2012

of the analysed phenomenon, there is no equatorward wall. Instead, one can
observe an extended depletion, which according to global VTEC maps, reaches
even 30° of latitude. As for the poleward boundary, the specific conditions during
#2 implicated an extreme gradient that exceeds even 7 TECu per degree and
even 10 TECu for the entire slope of the wall. As expected, the position of the
upper trough edge is shifted to high latitudes, in this case, occurring at ~60°
latitude. The comparison of results for both satellites also indicates a higher

variability of VTEC f's W) values at the boundary between oval and trough for

GPS PRN 21. This inconsistency seems to be related to a half-hour time shift
between the two outcomes, and thus, different ionospheric conditions.
Examining the results for the ESA map, we see further confirmation of the
product’s low effectiveness in reflecting the conditions in the trough region over
North America. Thus, in place of a sharp gradient, we observe a gradual decrease
in VTEC values that extends practically across the entire 20° band, as shown
in Figure 8. Consequently, despite revealing different VTEC levels for high and
middle latitudes, we cannot use this map to describe the trough. On the contrary,
we should remind that the distribution of stations used for generating the global
map varies between longitudinal sectors, and thus, we cannot prejudge the low
effectiveness of the ESA map for other regions. Examining the UPC outcome,
we find it applicable to the ionospheric trough characterisation. While we observe
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GPS PRN 18

GPS PRN 21

TECu

Fig. 8. The ionospheric trough signatures derived from the multi-station single-arc solutions
(top panel) and global ionospheric maps (bottom panel) at 14:00 UTC on March 8, 2012

a smoothing in the latitude direction, the signature of the phenomenon is basically
retained. Indeed, due to applied interpolation, the gradient of the poleward wall
1s significantly lower, i.e., up to 2 TECu per degree. On the other hand, both the
position of the trough and the difference between the maximum of the poleward
wall and the depletion equal to ~8 TECu, which should be classified as satisfying.

Finally, the profiles of VTEC for case #2 and longitude -147° are demonstrated
in Figure 9. The comparison of outcomes from two GIMs with the GF series
reveals a significantly better performance of the UPC product. As a result,
while we see the effect of generalisation and residuals up to 4 TECu for the
poleward edge, the pattern of UPC VTEC follows the true signature. In contrast,
we observe an opposite situation for the ESA map, where the shape of VTEC
is almost flat; thus, the differences between this GIM and single-satellite solution
reach ~10 TECu. Consequently, the RMS values for #2 are equal to 1.8 and
4.4 TECu for the UPC and ESA products, respectively.

Technical Sciences 28, 2025
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Fig. 9. The longitudinal profiles of VTEC for ESA and UPC GIMs as well as the corresponding
values derived from a single-satellite solution using GPS PRN 21 data.
The adopted longitude is equal to —147°

Conclusions

The objective of this work was to evaluate the effectiveness of the GNSS
observations in detecting and characterising the ionospheric trough. Specifically,
the true ionospheric signatures derived from single-arc geometry-free linear
combination were compared with those obtained with global ionospheric maps,
namely ESA and UPC maps, which are generated using different algorithms,
1.e., spherical harmonic expansion and kriging interpolation, respectively.
The investigations included two storm-time cases representing different
ionospheric conditions over the American sector.

The detection of the ionospheric trough with geometry-free time series
confirmed that their application allows the revelation of complex patterns of this
phenomenon, even during different phases of a geomagnetic storm. Furthermore,
the combined utilisation of multi-station data, levelled using global maps, enabled
the spatial characterisation of the structure. Consequently, the extreme gradients,
which reached several TECu per degree of latitude in the investigated examples,
are observable.

On the contrary, the patterns of the trough in the global ionospheric maps
were affected by different levels of generalisation, which varied strongly between
the tested products. Considering the outcome provided by the ESA map, I find
it unsuitable for describing the trough, at least in the American sector. The reason
for this effect seems to be the adjustment of spherical harmonic settings for global
ionosphere mapping. The much more detailed results were obtained with the UPC
maps. Their supremacy appears to be driven by the use of kriging interpolation,
which allows for better identification of local ionospheric phenomena.
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