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Abstract 

Preliminary Swarm Langmuir probe measurements recorded during March 2015, a period of time including the St. 

Patrick storm, are considered. Specifically, six time periods are identified: two quiet periods before the onset of the 

storm, two periods including the main phase of the storm, and two periods during the recovery phase of the storm. 

Swarm electron density values are then compared with the corresponding output given by the International Refer-

ence Ionosphere (IRI) model, according to its three different options for modelling the topside ionosphere. Since the 

Swarm electron density measurements are still undergoing a thorough validation, a comparison with IRI in terms of 

absolute values would have not been appropriate. Hence, the similarity of trends embedded in the Swarm and IRI 

time series is investigated in terms of Pearson correlation coefficient. The analysis shows that the electron density 

representations made by Swarm and IRI are different for both quiet and disturbed periods, independently of the cho-

sen topside model option. Main differences between trends modelled by IRI and those observed by Swarm emerge, 

especially at equatorial latitudes, and at northern high latitudes, during the main and recovery phases of the storm. 

Moreover, very low values of electron density, even lower than 2 × 104 cm−3, were simultaneously recorded in the 

evening sector by Swarm satellites at equatorial latitudes during quiet periods, and at magnetic latitudes of about 

±60° during disturbed periods. The obtained results are an example of the capability of Swarm data to generate an 

additional valuable dataset to properly model the topside ionosphere.
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Introduction
At the end of 2013, the European Space Agency (ESA) 

launched the three-satellite Swarm constellation. Among 

the three satellites, two [Alpha (A) and Charlie (C)] are 

orbiting the Earth side-by-side at the same altitude of 

about 460 km, while the third [Bravo (B)] is flying about 

60 km above. �ey are all equipped with identical instru-

ments consisting of high-resolution sensors for measure-

ments of both geomagnetic and electric fields, as well as 

plasma density. Besides the new generation instruments, 

the revolution introduced by this mission is in its geo-

metrical configuration. For instance, satellites A and C 

allow performing differential investigations taking advan-

tage of the proximity of the two satellites, while satel-

lite B, whose orbital plane gets farther from that of the 

other two satellites, will allow spanning a wider local time 

window with consequent implications, for instance, for 

the Space Weather community (Friis-Christensen et  al. 

2006).

Here, we are interested mainly in the measurements 

made by the electric field instrument (EFI) comprising 

two thermal ion imagers (TIIs) and two Langmuir probes 

(LPs). �e former measures the three-dimensional ion 

distribution, the latter the spacecraft potential, plasma 

density, and electron temperature, both at 2  Hz rate. In 

particular, we will analyze preliminary measurements 

of electron density (Ne) recorded by the Swarm constel-

lation during March 2015, a period of time including 

the so-called St. Patrick storm. �is storm, which was 
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classified as severe and for which the Kp index reached 

the maximum value of 8, is the most intense observed 

during solar cycle 24. At ground observatories the sud-

den storm commencement was observed at around 04:45 

Universal Time (UT) of 17 March 2015 with the arrival 

at the Earth of a coronal mass ejection. Figure  1 shows 

the temporal trend (from 9 to 25 March 2015) of the 

south component of the interplanetary magnetic field 

(IMF) and of some geomagnetic indices (Dst, AE, and ap) 

describing the global level of the Earth’s magnetic distur-

bance. �e maximum intensity of the storm was reached 

at around 23:00 UT of 17 March and was characterized 

by the minimum value of Dst index of −223 nT. Some 

details on the complex structure of this storm can be 

found in Kamide and Kusano (2015) and Cherniak et al. 

(2015).

�e vertical electron density profile is the most rep-

resentative feature of the ionospheric plasma, and 

its reconstruction is essential for studies concerning 

ionospheric physics and for space weather purposes. 

Ground-based ionosondes can measure only the bot-

tomside of this profile, up to the height of the F2-layer 

peak, that is the absolute maximum of the ionospheric 

electron density. With regard to the topside, from the 

F2-peak height to higher altitudes, ground-based iono-

sondes can provide only an estimation, based on bottom-

side measurements (Reinisch and Huang 2001; Huang 

and Reinisch 2001). Measuring the topside ionosphere 

requires an ionosonde onboard a satellite sounding from 

above the F2-peak. Only few missions from the sixties to 

the eighties, such as Alouette-1 and Alouette-2, ISIS-1 

and ISIS-2, and Intercosmos 19, have provided sets of 

topside ionospheric data, but with a limited spatial cov-

erage; moreover, only a small percentage of the total 

soundings were processed into electron density profiles 

(Huang et  al. 2002). �is lack of experimental topside 

ionospheric data (Benson et al. 1998) limits significantly 

the efforts to study and model this ionospheric region as 

a function of altitude and geographical location as well 

as diurnal, seasonal, and solar activity variations. Hence, 

even though, early in 2014, the International Reference 

Ionosphere (IRI) model was officially recognized as the 

international standard for the specification of the iono-

sphere by the International Standardization Organiza-

tion (ISO) (Bilitza and Reinisch 2015), its topside profile 

often does not represent properly the real features of the 

ionosphere. A thorough description of these shortcom-

ings and the corresponding efforts done to improve the 

model were published by Bilitza et al. (2006) and briefly 

summarized later in the section devoted to the IRI top-

side options illustration.

Swarm satellites flight right in the topside ionosphere. 

In this paper, preliminary Swarm Ne measurements 

recorded during six time periods of March 2015 are con-

sidered and compared with the corresponding output 

given by the IRI model (Bilitza and Reinisch 2008; Bilitza 

et al. 2014). �ese time intervals are chosen to have two 

quiet periods before the onset of the storm, two periods 

including the main phase of the storm, and two periods 

during the recovery phase of the storm.

�e Swarm Ne measurements, although preliminary 

and under validation, are considered nowadays reliable 

by the reference community. For example, Pedatella et al. 

(2015) did show a comparison between Swarm densi-

ties and those inferred from COSMIC radio occultation 

measurements and found a very good agreement: Over-

all, Swarm measurements seem to show a slight under-

estimate of the ionospheric electron density, varying 

between 8 and 15 % depending on latitude and local time.

Nevertheless, since the Swarm data validation is still 

ongoing, a comparison with IRI in terms of absolute val-

ues would have not been suitable. So, a correlation analy-

sis was considered to evaluate the trends embedded in 

the Swarm and IRI time series. �e corresponding results 

show that the representations made by Swarm and IRI 

are pretty different for both quiet and disturbed periods, 

independently of the chosen IRI topside option.

Methods
Swarm data

As already mentioned, data used consist of electron den-

sity measurements made onboard the three satellites of 

Swarm constellation during six selected time periods 

between 9 and 25 March 2015, a period of time includ-

ing the so-called St. Patrick magnetic storm. During this 

Fig. 1 Bz component of IMF and magnetic activity indices during 

the St. Patrick magnetic storm. From top to bottom: interplanetary 

magnetic field Bz component and Dst, AE, and 3-hourly ap magnetic 

indices
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time window the only available data are those from the 

Preliminary Plasma Dataset prepared by the Swedish 

Institute for Space Science (IRF) at Uppsala (Knudsen 

et al. 2015). Specifically, only data with a quality flag value 

lower than 256 were considered (Knudsen et al. 2015).

�e purpose of our investigation is to compare Swarm 

and IRI electron density representations for both dis-

turbed and quiet magnetic conditions. For this reason, 

we chose two quiet periods before the onset of the St. 

Patrick storm which we refer to as pre-storm time inter-

vals (P1 and P2), two periods characterized by a signifi-

cant low value of the Dst index and including the main 

phase of the storm, which we refer to as main phase peri-

ods (M1 and M2), and two periods (R1 and R2) during 

the recovery phase of the storm. Detailed information 

on the bounds of the selected periods is summarized in 

Table 1, together with the range of variability and average 

values of Dst and AE indices in each period.

�e pre-storm periods P1 and P2 were chosen accord-

ing to simultaneously low values of both Dst and AE 

indices, in order to be quite confident that the magnetic 

activity was low at all latitudes. In fact, the well-known 

Dst index is able to represent the disturbance observed on 

the ground at low and mid-latitudes produced by the ring 

current, the partial ring current and by magnetopause 

and magnetotail currents during magnetic storms. Dif-

ferently, AE index indicates the total intensity of the auro-

ral electrojets and is used to represent the disturbance 

observed at high latitudes due to geomagnetic substorms. 

Consequently, when Dst is low, AE is not necessarily low 

as well. �e main phase periods M1 and M2 correspond 

to the growth of the ring current till its maximum inten-

sity and up to its initial decay, respectively. Values of Dst 

index during M2 still correspond to a significant per-

turbation of several tens of nanoTeslas in the horizon-

tal component of the geomagnetic field, as observed at 

ground observatories. With regard to the recovery phase 

periods, R1 is selected midway, in terms of Dst index, 

between the main phase and quiet conditions, while dur-

ing R2 quiet conditions are almost achieved.

In order to compare the 2 Hz Swarm Ne measurements 

with the Ne values provided by the IRI model at the same 

time and location, Swarm data are resampled, actually 

decimated, taking 1 every 9 measurements, which corre-

sponds to a sampling of 4.5 s. �is value descends by the 

fact that the IRI temporal step is expressed as tenths of 

hour, and at the same time has to be a multiple of 0.5 s, 

that is the Swarm sampling. �e smallest value matching 

these two constraints is the decimal temporal increment 

of 0.00125 h which corresponds right to 4.5 s. �e other 

temporal steps multiple of 0.5  s, and lower than 4.5  s, 

would give rise to circulating decimal temporal incre-

ments, which would result in an inaccurate analysis.

Data from each period shown in Table  1 are grouped 

according to magnetic local time (MLT) sectors and 

magnetic latitude bands. Partition into MLT is made to 

consider that, for each Swarm orbit, half measurements 

are taken in the morning sector (descending phase of 

satellite orbit) and half in the evening sector (ascending 

phase of satellite orbit). So, dividing data in this way we 

distinguish among the different dynamics characterizing 

morning and evening ionospheric sectors, especially at 

low and equatorial latitudes that are characterized by the 

fountain effect (Davies 1990; Kelley 2009). Since Swarm 

satellites move along near-polar orbits, MLTs are clus-

tered around morning and evening sectors and partially 

spread over the entire 24 h MLT range at the poles. So, 

to consider disjoint set of measurements, the MLT ranges 

considered for the descending and ascending phases are 

04–12 and 16–24  h. Within these time intervals, over 

99 % of measurements taken between magnetic latitudes 

of 60°S and 60°N falls in the range 06–09 h for Swarm A 

and C and in the range 08–11 h for Swarm B, as concerns 

the morning sector, and in the range 18–21 h for Swarm 

Table 1 Details on  the time periods selected and  on the corresponding level of  magnetic activity expressed by  means 

of Dst and AE geomagnetic indices

Due to gaps in the 20 March Swarm A and B data, R1 time periods di�er from satellite to satellite

Period code Day—start time [UT] Day—end time [UT] Dst

[min, max] [nT]
<Dst>
[nT]

AE

[min, max] [nT]
<AE>
[nT]

P1 09—03 04:30:00 11—03 04:30:00 [−9, 15] 4 [22, 261] 57

P2 12—03 17:30:00 13—03 11:30:00 [−4, 12] 5 [−17, 259] 48

M1 17—03 00:00:00 17—03 23:59:59 [−223, 56] −72 [37, 1570] 633

M2 18—03 00:00:00 18—03 23:59:59 [−189, −70] −105 [200, 1043] 488

R1 (A) 19—03 00:00:00 20—03 11:57:33 [−88, −48] −63 [61, 1134] 381

R1 (B) 19—03 00:00:00 20—03 03:42:33 [−88, −53] −65 [61, 1134] 396

R1 (C) 19—03 00:00:00 20—03 23:59:59 [−88, −44] −59 [61, 1134] 373

R2 24—03 00:00:00 25—03 23:59:59 [−36, 9] −16 [28, 729] 165
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A and C and in the range 20–23 h for Swarm B, concern-

ing the evening sector. Differently, at latitudes higher 

than 60° the percentage of measurements taken in the 

morning and in the evening sectors decreases to around 

60 %, being the orbits not really polar. Figure 2 shows the 

overall distribution of measurements in MLT without 

distinguishing between high and low/mid-latitudes.

�e reason for the splitting into magnetic latitude bands 

is more or less the same as that related to the partition in 

MLT. In fact, most of processes occurring in the ionosphere 

have a marked magnetic latitudinal dependence (Davies 

1990; Kelley 2009). So, we converted geographical coordi-

nates into quasi-dipole coordinates (Emmert et al. 2010) and 

considered the following magnetic latitude bands: between 

−90°S and −60°S (SP, south pole), between −60°S and −30°S 

(SM, south mid ), between −30°S and 30°N (EQ, equator), 

between 30°N and 60°N (NM, north mid), between 60°N and 

90°N (NP, north pole). �e limits of these bands have been 

chosen also on the base of the magnetic latitude distribution 

of Swarm Ne measurements. Two examples are shown in 

Fig. 3 for Swarm A, during the quiet period P1 for measure-

ments recorded in the morning sector, and during the per-

turbed period M2 for measurements in the evening sector.

IRI model: topside electron density and storm options

Many studies have noted disagreements between the 

IRI topside modelling (hereafter called IRI-2001) and 

measurements (Bilitza 2001; Bilitza et al. 2006). IRI-2001 

tends to overestimate the electron densities in the upper 

topside (from about 500  km above the F-peak upward) 

reaching a factor of about 3 at 1000 km above the iono-

spheric peak. In order to face this limitation two new 

options were introduced in IRI-2007 (Bilitza and Reinisch 

2008). �e first option (hereafter called IRI-2001corr) 

is a correction factor for the 2001 model, based on over 

150,000 topside profiles from Alouette-1, Alouette-2, and 

ISIS-1, ISIS-2, and varying with altitude, modified dip 

latitude, and local time (Bilitza 2004). �e application of 

this factor helped, for instance, in improving the discrep-

ancies that were found by Jee et al. (2005), who compared 

IRI-2001 with TOPEX measurements.

�e second option (hereafter called IRI-NeQuick) is 

the NeQuick topside model (Radicella and Leitinger 

2001; Coisson et al. 2006). �is model is based on a semi-

Epstein layer function, governed by an empirical shape 

parameter k, whose analytical relationship was first cal-

culated by using TEC data and ionosonde data recorded 

respectively at Florence and Rome, Italy (Radicella and 

Zhang 1995), and subsequently updated by using ISIS-2 

topside profiles (Coisson et al. 2006). Comparisons with 

Fig. 2 Electron density value availability for Swarm A and B. Histo-

grams of available electron density measurements as a function of 

MLT, for P1, M1, and R1, for Swarm A and B. Due to the geometry of 

Swarm constellation the MLT distribution of Swarm C is identical to 

that of Swarm A

Fig. 3 Swarm A electron density during periods P1 and M2 in the 

morning and evening sector. Electron density as measured by Swarm 

A during a the pre-storm period P1 in the morning sector (04-12 

MLT), and b during the main phase period M2 in the evening sector 

(16-24 MLT)
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TOPEX data have shown that IRI-NeQuick provides an 

improvement with respect to IRI-2001 predictions (Cois-

son et al. 2004).

Since the IRI-2001 version, also a storm option as a 

correction factor for disturbed conditions is included 

(Fuller-Rowell et  al. 2000; Bilitza 2001; Araujo-Pradere 

et  al. 2002). �is option consists of an empirical iono-

spheric storm-time correction model that scales the 

quiet time F region critical frequency (foF2) to account 

for storm-time changes in the ionosphere. IRI uses the 

3-hourly ap index for the description of magnetic storm 

effects, and the storm model option is driven by a new 

index based on the integral of the ap index over the pre-

vious 33 h, weighted by a filter obtained by the method 

of singular value decomposition. �e storm option gives 

reliable results at mid-latitudes during summer and equi-

nox, but during winter and near the equator, the model 

does not improve significantly the IRI representation.

It is worth highlighting that the IRI storm model option 

was implemented mostly to represent the mid-latitude 

F2 peak density variations for disturbed conditions. Any-

how, the setting on of this option clearly influences the 

whole electron density profile over the entire terrestrial 

globe. With regard to this, Fig. 4 displays six global maps 

of the following percent relative difference

(1)

[

(IRI − NeQuick)StOFF − (IRI − NeQuick)StON

(IRI − NeQuick)StOFF

]

× 100

Fig. 4 Percent relative difference between IRI model StOFF and StON on 17 March 2015. Electron density percent relative difference according to 

Eq. (1) on 17 March 2015 at 00, 03, 06, 09, 15, and 23 UT, at 460 km of altitude. Coordinates are geographical. Bold lines represent the magnetic paral-

lels at −60°, −30°, 0°, 30°, and 60°. Due to the large difference between Ne values for different times, it is not possible to use the same color scale for 

all plots
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between the electron densities given by IRI-NeQuick 

with the storm option off (StOFF) and the electron den-

sities given by IRI-NeQuick with the storm option on 

(StON), on 17 March 2015 at 00, 03, 06, 09, 15, and 23 

UT, at 460  km of altitude, that is the orbital altitude of 

Swarm A and C. It is evident that at 00 UT, before the 

beginning of St. Patrick storm, the two representations 

are identical, with the corresponding percent difference 

equal to 0 % everywhere; on the contrary, when the storm 

is ongoing, differences between StON and StOFF appear 

and become more and more significant.

Analysis

In this work, the IRI model is used to estimate Ne at the 

same time and location (geographical latitude and longi-

tude, altitude) of Swarm measurements falling in the six 

selected periods listed in Table 1. In detail, we used the 

URSI coefficients, according to the three topside options 

(IRI-2001, IRI-2001corr, NeQuick), and with the storm 

option on (StON).

Among all the plots that were obtained, only a few are 

shown as representative in Figs. 5, 6, 7, 8, 9, 10, 11, and 

12. �ese figures compare, for morning (Figs. 5, 6, 7, 8) 

and evening (Figs. 9, 10, 11, 12) sectors, electron densi-

ties measured by Swarm A with the corresponding ones 

calculated by IRI-NeQuick(StON), and electron densi-

ties measured by Swarm B with the corresponding ones 

calculated by IRI-2001corr(StON), for periods P1, M1, 

M2, and R1. With regard to these figures, it is worth not-

ing that showing Swarm A measurements only with the 

output given by the NeQuick option, and Swarm B meas-

urements only with the output given by the IRI-2001corr 

option, does not mean that the other topside options 

were not considered to perform the comparison. �is 

way to proceed was imposed only by the fact that it was 

clearly not possible to show for each time period listed 

Fig. 5 Electron densities measured by Swarm satellites and IRI for period P1, for the morning sector. Electron densities measured by Swarm 

A (top-right panels) and Swarm B (bottom-right panels), and the corresponding ones calculated by IRI-NeQuick(StON) (top-left panels) and IRI-

2001corr(StON) (bottom-left panels), for the period P1, for the morning sector. Magnetic latitude bands between −60° and 60° are plotted in a Gall 

stereographic projection, while the high-latitude bands are plotted in an orthographic projection (on the left the north pole, on the right the south 

pole). Coordinates are geographical, and bold lines in both Gall stereographic projections and polar orthographic projections represent magnetic 

parallels drawn with a 30° step. Due to the large difference between Ne values measured by Swarm A and B and those estimated by IRI, it is not pos-

sible to draw the values into the Gall stereographic projections with the same color scale
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in Table 1 the corresponding output given by each of the 

three IRI topside options. Moreover, at Swarm altitudes, 

the three IRI topside options give a very similar iono-

spheric representation, and that’s why we chose to rep-

resent different IRI topside options for Swarm A and B.

In order to assess quantitatively the behavior of the 

different IRI topside models, for each selected period, 

and for each model, the Pearson correlation coefficient 

between Swarm and IRI time series was calculated, 

according to the following formula

where cov() is the covariance between the variables X and 

Y, σX e σY are the corresponding standard deviations, and 

E() represents the expected value.

We chose this approach because the Swarm Langmuir 

probe data are still undergoing a thorough validation, and 

hence, a comparison in terms of absolute values would 

have not been appropriate. On the contrary, the value of 

the Pearson coefficient can give an idea about the similar-

ity of trends embedded in the IRI and Swarm time series.

(2)ρX ,Y =

cov(X ,Y )

σXσY
=

E((X − E(X))(Y − E(Y )))

σXσY
,

Figures  13 and 14 show the average of Pearson coef-

ficients calculated for Swarm A and C, and Pearson 

coefficients calculated for Swarm B, by considering all 

the three IRI topside options (IRI-2001, IRI-2001corr, 

NeQuick), respectively, for morning and evening sectors, 

and for each magnetic latitude band. Correlations for 

Swarm A and C were averaged since obtained results are 

practically identical. Figure 15 displays instead the mag-

netic latitude dependence of Pearson coefficients shown 

in Figs. 13 and 14.

In the analysis we have done, we noted that sporadi-

cally Swarm data were characterized by very low values of 

electron density, even lower than 2 × 104 cm−3. To assess 

the truthfulness of these values, we checked whether they 

were recorded simultaneously by Swarm A and C, and we 

found that these values were seen by both satellites. As 

expected, these unusually low values are not reproduced 

by the IRI model. As an example, Fig.  16 shows where 

Swarm A (the same is for Swarm C) recorded these val-

ues for periods P1, M2, and R1, for the evening sector. 

For the morning sector, these low values are practically 

absent.

Fig. 6 Electron densities measured by Swarm satellites and IRI for period M1, for the morning sector. Same as Fig. 5, but for M1 morning sector



Page 8 of 18Pignalberi et al. Earth, Planets and Space  (2016) 68:93 

Results and discussion
Before getting to the hearth of the discussion of results, 

we want to draw the attention to the fact that in this 

section each time we talk generically about Swarm, 

we refer to all satellites (Swarm A, B, and C), and each 

time we talk about Swarm A, due to their proximity, we 

are implicitly talking also about Swarm C. Moreover, if 

we look carefully at Figs. 13, 14, and 15, we realize that: 

(a) the differences between the correlation coefficients 

of IRI-2001 and those of IRI-2001corr are minimal; (b) 

even though the correlation coefficients of IRI-NeQuick 

can be different from those of IRI-2001 and IRI-2001corr, 

the corresponding trend is, however, somewhat similar. 

So, henceforward, when we talk about IRI, we mean that 

the same is valid for all the corresponding three topside 

models.

Looking at Figs.  5, 6, 7, 8, 9, 10, 11, and 12, several 

interesting features measured by Swarm satellites, and 

differences between these and IRI, come out. Below, first 

are discussed the results of morning sectors of Figs. 5, 6, 

7, and 8, and then the results of the corresponding even-

ing sectors of Figs. 9, 10, 11, and 12.

Concerning the period P1 (the same is for period P2), 

for the morning sector (Fig. 5), the equatorial band shows 

for both IRI and Swarm the same usual pattern charac-

terized by a maximum of electron density along the mag-

netic equator (e.g., Balan and Bailey 1995). Anyway, some 

differences about the electron density intensity appear: 

Swarm A measures Ne values lower than those calculated 

by IRI, while the contrary holds for Swarm B. �is dissim-

ilarity could be related to the local time shift characteriz-

ing the two satellites (see Fig. 2) but, more likely, is due to 

their different orbital altitudes, a fact that, when having 

accurate measurements, will turn out to be really use-

ful to obtain new insights about the topside plasma scale 

height, which is so important to reliably model the top-

side profile. In Fig. 5, as reported also by several authors 

(Sagawa et  al. 2005; Immel et  al. 2006; Liu et  al. 2010; 

Lühr et al. 2012; Xiong and Luhr 2014) a wave-3 longitu-

dinal modulation is discernible, more evident for Swarm 

B than for Swarm A; IRI succeeds in catching this feature 

only modelling the same times and locations of Swarm B. 

Figure 5 shows also, for Swarm A, a general underestima-

tion made by IRI in the southern part of Atlantic Ocean. 

Fig. 7 Electron densities measured by Swarm satellites and IRI for period M2, for the morning sector. Same as Fig. 5, but for M2 morning sector
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Concerning the polar regions, the values measured by 

Swarm satellites are pretty different from those given by 

IRI and, with regard to this, the most striking feature is 

the very low values of correlation coefficients character-

izing the northern polar region for Swarm B (Fig. 14).

About periods M1/M2, for the morning sector 

(Figs. 6, 7), IRI still models an equatorial pattern charac-

terized by a maximum centered on the magnetic equa-

tor, while Swarm measures a double-crest pattern in the 

west longitude sector of the globe, that is unusual for 

these local times. In fact, at these local times, the zonal 

electric field is westward and gives rise to a reverse 

fountain causing an increase of electron density around 

the magnetic equator, according to the mechanism pro-

posed by Balan and Bailey (1995). �e double-crest pat-

tern measured by Swarm can be ascribed to an early 

fountain effect caused by ionospheric electric fields and 

currents that at low and mid-latitudes, during geomag-

netic disturbed periods, can significantly differ from 

their quiet-day patterns, due to a concurrent action of 

two mechanisms: the magnetospheric dynamo and the 

ionospheric disturbance dynamo (Blanc and Richmond 

1980). Dynamic interactions between the solar wind 

and the magnetosphere are the source of the magne-

tospheric dynamo. �is gives rise to electrical currents 

which, along with their associated electric fields [called 

penetrating interplanetary electric fields (IEFs)], can 

penetrate to lower latitudes through the conducting 

ionosphere (Fejer and Scherliess 1995; Fejer et al. 2008; 

Huang et al. 2007; Zhao et al. 2008). �e second mech-

anism is instead generated by an energy input to the 

thermosphere that alters the global thermospheric cir-

culation, modifying the electric fields and currents that 

are generated by the ionospheric wind dynamo action 

during quiet conditions at low and mid-latitudes (Fejer 

et al. 2008; Nicolls et al. 2006).

Specifically, Fejer et al. (2008) showed that during equi-

nox, for geomagnetically disturbed periods, the equato-

rial drifts ascribable to the magnetospheric dynamo are 

upward from about 07 to 23 LT, those due to the iono-

spheric dynamo are upward between 21 and 16 LT during 

equinox, with the amplitudes of daytime ones (between 

07 and 16 LT) that are significantly lower than the night-

time ones (between 21 and 06 LT).

Fig. 8 Electron densities measured by Swarm satellites and IRI for period R1, for the morning sector. Same as Fig. 5, but for R1 morning sector
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�is further supports the thought that the double-crest 

pattern measured by Swarm in Figs. 6 and 7 is due to a 

combined effect of IEFs and the ionospheric disturbance 

wind dynamo, with a contribution of the latter which is 

definitely smaller, thus causing an inversion of the usual 

dynamo zonal electric field from westward to eastward. 

In particular, during the M1 period, two crests of elec-

tron density well beyond the magnetic parallels at 30° and 

−30° are observed in the Atlantic Ocean sector, suggest-

ing also the occurrence of a “super-fountain effect” (Balan 

et al. 2010; Zong et al. 2010). It is interesting to note how 

the double-crest pattern in the M2 period is still recorded 

by Swarm A and not by Swarm B, suggesting that, in the 

2  h of MLT difference characterizing the two satellites, 

the plasma fountain from direct became again reverse.

Also the polar patterns given by IRI are different from 

those measured by Swarm, showing a general overesti-

mation of Ne. �is feature is confirmed by the low values 

of correlation coefficients characterizing the polar bands 

(Figs. 13, 14), especially for Swarm B.

Regarding the period R1 (the same is for R2), for the 

morning sector (Fig. 8), Swarm comes back to the usual 

pattern characterized by a maximum centered on the 

magnetic equator, as on the other hand is modelled by 

IRI; anyway, along a Pacific Ocean sector, Swarm meas-

ures Ne values higher than IRI ones, while the rest of 

values are lower than those modelled by IRI. Again, the 

correlation coefficients of polar regions are the lowest 

ones, confirming that also for the R1 period Swarm and 

IRI patterns are different.

Concerning the period P1 (the same is for the period 

P2), for the evening sector (Fig.  9), the equatorial band 

shows for both IRI and Swarm the same usual electron 

density double-crest pattern around the magnetic equa-

tor (e.g., Balan and Bailey 1995). �e values measured by 

Swarm that show a maximum over the south American 

sector are, however, higher than those given as output 

by IRI. Moreover, the IRI values are significantly asym-

metric with those of the southern crest that are higher 

than those of the northern crest. On the contrary, Swarm 

Fig. 9 Electron densities measured by Swarm satellites and IRI for period P1, for the evening sector. Same as Fig. 5, but for P1 evening sector
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satellites measure two crests that are very similar, and 

there is only a slight difference over the South America, 

where Swarm presents the maximum of Ne, for which the 

northern crest is more intense than the southern one. As 

for the morning sector, also for the evening sector, the 

northern polar region is characterized by the lowest val-

ues of correlation coefficients (Figs. 13, 14).

With reference to periods M1/M2, for the evening sec-

tor (Figs. 10, 11), the usual electron density double-crest 

pattern around the magnetic equator is still shown by 

both IRI and Swarm, even though the crests measured 

by Swarm are noticeably narrower than those modelled 

by IRI. Anyway, also during the main phase of the storm, 

the values measured by Swarm, which present again a 

maximum over the South American sector, are higher 

than those modelled by IRI. Moreover, as for the period 

P1, IRI still models electron density crests that are signifi-

cantly asymmetric, with the southern crest which is nota-

bly more intense than the northern one. It is not the same 

for the electron density crests measured by Swarm, which 

appear quite symmetric. During the main phase of the 

storm, the polar patterns characterizing IRI and Swarm 

are again sensibly different, especially for the period M2; 

the most striking feature is the very low values of correla-

tion coefficient associated to the northern polar region.

Concerning the period R1 (the same is for the period 

R2), for the evening sector (Fig.  12), the morphology of 

all latitude bands is very similar to that of periods M1/

M2. �e only difference is that the maximum values of Ne 

measured by Swarm are now spread on a wider longitude 

sector including also the Atlantic Ocean.

In summary, Figs.  5, 6, 7, 8, 9, 10, 11, 12, 13, 14, and 

15 show that, from a morphological point of view, the 

electron density patterns measured by Swarm and those 

modelled by IRI are different, especially during the main 

phase of the storm, for the morning sector, when Swarm 

highlights an unusual double-crest pattern. As a con-

sequence, the correlation coefficients between IRI and 

Swarm of all magnetic latitude bands are somewhat low, 

mainly in the periods M1, M2, and R1. In general, the 

correlation coefficients of mid-latitude regions are higher 

than those of equatorial and polar regions, confirming a 

Fig. 10 Electron densities measured by Swarm satellites and IRI for period M1, for the evening sector. Same as Fig. 5, but for M1 evening sector
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well-known feature of IRI, that is IRI predictions are less 

accurate at equatorial and auroral latitudes (Bilitza and 

Reinisch 2008).

�e correlation coefficients of the northern polar 

region deserve a special mention, because they are often 

very low (even negative at times), for both the morning 

and evening sectors, and although less evident the same 

happens for the southern polar region. �is result is 

most likely caused by the high-latitude current systems, 

which are activated during disturbed magnetic periods. 

In fact, the lowest values of correlation are found mainly 

in the periods M2 and R1. During these periods the ap 

index, which is the magnetic index used by IRI, is not 

high (ap < 50), especially when compared with that rela-

tive to the M1 period (ap > 150). Nevertheless, the values 

of the AE index clearly show an intense global electrojet 

activity in the auroral zone during both the main and 

the recovery phases of the storm; this means that from 

18 to 22 March 2015 the auroral regions are character-

ized by an intense substorm activity, with a consequent 

enhancement of the auroral electrojet systems. �is may 

explain the considerable difference obtained between 

Swarm measurements and IRI modelled values not only 

at polar regions, but also between the morning and even-

ing sectors. Indeed, the spatial distribution of the polar 

ionospheric convection and current systems is not uni-

form at high latitude, showing a greater intensity in the 

evening sector than in the morning one. Moreover, dur-

ing this particular geomagnetic event, also a difference 

of the current intensities could have characterized the 

two hemispheres. �is hypothesis is consistent with the 

results reported by Cherniak et al. (2015) who, during the 

St. Patrick geomagnetic storm, found hemispheric asym-

metries in both the intensity and spatial structures of ion-

ospheric irregularities.

An interesting feature showed by Swarm measure-

ments during the analyzed periods is represented by the 

very low values of Ne, for the evening sector, as it is dis-

played in Fig. 16. �e most striking feature of Fig. 16 is 

that for quiet periods these values are clustered along the 

magnetic equator, while during disturbed periods they 

are grouped at magnetic latitudes of about ±60°, with 

Fig. 11 Electron densities measured by Swarm satellites and IRI for period M2, for the evening sector. Same as Fig. 5, but for M2 evening sector



Page 13 of 18Pignalberi et al. Earth, Planets and Space  (2016) 68:93 

those of the recovery phase period being more rarefied 

than those of the main phase period.

�e clusters along the magnetic equator can be inter-

preted as equatorial plasma bubbles. In fact, near sun-

set, plasma densities and dynamo electric fields in the 

E region decrease causing a weakening of the equato-

rial anomaly. At the same time, however, at this local 

time (corresponding to the evening sector here consid-

ered), a dynamo develops in the F region, and polari-

zation charges within conductivity gradients at the 

terminator surface enhance the eastward electric field 

after sunset, giving rise to a pre-reversal increase of the 

equatorial fountain (Woodman 1970). Hence, in these 

hours, a rapid uplifting of the plasma in the F region and 

a general steepening of the bottom side gradient lead to 

the Rayleigh–Taylor instability, which allows plasma den-

sity irregularities to form. �ese irregularities can grow 

to become large ionospheric depletions that are usually 

called equatorial plasma bubbles (e.g., Whalen 2000). 

�e fact that very low values of Ne are detected along the 

magnetic equator only during quiet conditions could be 

an additional confirmation that ionospheric irregulari-

ties can be either inhibited or triggered during disturbed 

periods, possibly depending on the phase of the storm 

and local time of occurrence of Dst maximum excursion 

(Aarons 1991; Alfonsi et al. 2013; Dabas et al. 2003).

Concerning the very low values of Ne measured by 

Swarm at magnetic latitudes of about ±60°, these are 

interpreted as the mid-latitude ionospheric trough, 

which is a latitudinal (located equatorward of the auro-

ral oval) narrow and longitudinal extended depletion in 

the electron distribution, regularly detected in evening 

and night hours (Moffett and Quegan 1983). �e iono-

spheric trough, characterized by very low values of Ne, 

is so well detected under disturbed conditions by Swarm 

satellites because, as shown by Krankowski et al. (2009), 

it significantly depends on the geomagnetic activity. In 

fact, under disturbed conditions, the ionospheric trough 

tends to exhibit much lower values of electron density 

than for quiet conditions. �is is confirmed by what it is 

shown in Fig. 16. In some sense, this Ne decrease of the 

ionospheric trough simplifies significantly its detection 

Fig. 12 Electron densities measured by Swarm satellites and IRI for period R1, for the evening sector. Same as Fig. 5, but for R1 evening sector
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in both hemispheres by Swarm satellites. As expected, 

this feature is not modelled by IRI, because at present 

the model has difficulties in reproducing auroral bounda-

ries as well as density and temperature features related to 

these boundaries, such as the subauroral density trough 

(Bilitza et al. 2014).

Conclusions
�is work represents a further evidence that the top-

side ionosphere modelling, especially during magneti-

cally disturbed periods, is still a challenge. In fact, even 

though they are preliminary, Swarm electron density 

data considered in this study, measured during March 

2015 including the St. Patrick storm, showed patterns 

that are at the moment difficult to model. Specifically, 

the analysis we have done, based on the Pearson correla-

tion coefficient, showed that, independently of the cho-

sen topside option (IRI-2001, IRI-2001corr, NeQuick), 

the trends embedded in the Swarm and IRI time series 

are fairly different. In particular, the analysis did not 

show a topside option that behaves definitely better than 

the others.

For the sake of correctness, it is worth reminding that 

the IRI model works the best when considering long 

Fig. 13 Correlation analysis between Swarm A and C and IRI values. Average of Pearson coefficients calculated for Swarm A and C, for morning (left 

panels) and evening (right panels) sectors, for each magnetic latitude band (NP, NM, EQ, SM, SP), by considering all the three IRI topside models: IRI-

2001 (top panels), IRI-2001corr (middle panels), and IRI-NeQuick (bottom panels)
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series of monthly median values, while in this work the 

IRI model was compared directly with plasma meas-

urements on a limited period of time. So, to fully con-

firm the results here described, longer series of monthly 

median values should be considered. At the same time, 

however, we would like to stress the fact that if this 

might be possible for quiet periods, it would become dif-

ficult when considering disturbed conditions, for which 

the calculation of monthly median values does not make 

sense. On the other hand, given that the IRI model has 

a “storm” routine capable of changing the output of the 

model for disturbed conditions, the results here shown, 

although based on a limited series of data, have their 

own validity.

With regard to the topside modelling, in  situ meas-

urements of the thin electron plasma density around 

the Earth carried out by the Swarm constellation can be 

extremely valuable. In fact, when having accurate and 

calibrated measurements, the peculiar configuration of 

Swarm satellites will allow to achieve new insights about 

Fig. 14 Correlation analysis between Swarm B and IRI values. Pearson coefficients calculated for Swarm B, for morning (left panels) and evening 

(right panels) sectors, for each magnetic latitude band (NP, NM, EQ, SM, SP), by considering all the three IRI topside models: IRI-2001 (top panels), IRI-

2001corr (middle panels), and IRI-NeQuick (bottom panels)
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Fig. 15 Magnetic latitude dependence of Pearson coefficients calculated between Swarm satellites and IRI values. Average of Pearson coefficients 

calculated for Swarm A and C (left panels), and Pearson coefficients calculated for Swarm B (right panels), for each magnetic latitude band (from top 

to bottom: NP, NM, EQ, SM, and SP), by considering all the three IRI topside models (IRI-2001, IRI-2001corr, IRI-NeQuick), for morning and evening 

sectors
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the topside plasma scale height, a parameter of crucial 

significance to reliably model the topside profile.
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