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Abstract. GPS technique has opened broad possibilities to  The latitudinal profiles’ data may be useful to help upgrade

study the TEC distribution on a regular basis. In this pa-the IRI (International Reference lonosphere; Bilitza et al.,

per, the latitudinal dependence of TEC over Europe for ge-1993) model. It is also expected that these data will provide
ographic latitudes ranging from 46l to 75> N is presented. a new insight into the structure of the ionospheric trough and
We discuss the day-to-day variations of the latitudinal TECits dynamics during magnetospheric disturbances. The lat-
profiles for a period of 1999 to 2001 for both quiet and dis- itudinal TEC profiles also demonstrate the evolution of the

turbed magnetic conditions. More than 4300 TEC profileslatitudinal gradients of TEC. Severe horizontal ionospheric

were created from the TEC maps with a one-hour interval.gradients may disturb the ambiguity resolution and influence
GPS data from 65 European permanent stations were usetie accuracy of the GPS positioning (Wanninger, 1993).

to produce the TEC maps. The comparison of GPS-derived

TEC profiles with the IRl model is also discussed.

Key words. lonosphere (mid-latitude ionosphere;

- Ion0- 5 Gps data and estimation technique
spheric disturbances)

The GPS data from the European permanent network were
) used for analysis of latitudinal TEC distribution. A single
1 Introduction ground-based receiver can track an individual satellite dur-

) N ing 4-6 h, providing the ionosphere probing in a broad area.
GPS technique has opened broad possibilities to study thejy,taneous observations of more than 6 satellites in differ-

TEC distribution on a regul_ar basis. The analyses of Iatitudi-ent directions offer a good possibility to map the ionosphere
nal TEC dependence obtained from GPS measurements ang, 5 high resolution. TEC measurements for an individ-

its comparison with NNSS (Navy Navigation Satellite Sys- 5| satellite pass include both temporal and spatial changes

ftem) data were earlier_mere_ly undertaken _in a Iimit_ed visibil- of the ionosphere. Simultaneous multi-station observations
ity range at a single mid-latitude GPS station by Ciraolo and,yere ysed to resolve both temporal and spatial variations of

Spalla (1998). Detailed studies on the latitudinal TEC distri- TEC. Data from 65 European stations were used to recon-

bution were carried out only at low latitudes near the equa-g,ct gpatial distribution of TEC from GPS measurements.
torial region (Valladares et al., 2001, Basu et al.,

o . ) . : 2001). Therpe gistribution of TEC over Europe was analyzed as a time
latitudinal behavior of TEC at middle-high latitudes was only ¢qias of TEC maps.

examined for single events related to the magnetic storms

(Zarraoa and Sardon, 1996; Jakowski et al., 1999; Shagimu- While processing, high precision GPS phase observables

ratov et al., 2002). In this paper, the data on the latitudi- Vere fitted to the pseudo-range measurements, in order to es-

nal dependence of TEC over Europe for geographic IatitudeéImate and remove phasg amp|gu|t|es. However, the phasg
ranging from 40N to 75 N is presented. In this contribu- measurements still contained instrumental biases. These bi-

tion, we discuss the day to-day variations of the latitudinal ases (for satellite and receiver) were determined for every

TEC profiles for the time period of 1999 to 2001. More than individual statio.n using GPS meas'urements to.all gatellite
4300 TEC profiles were created from TEC maps at a onepasses over a site during a 24-?_1 period, as described in I_3aran
hour interval, which were produced using GPS data from 650t al. (1997). After the observe_ltlons from all t_he EPN_s_ta_tlons
European permanent stations. had been processed, all receiver and satellite specific instru-
mental biases were removed. As a result, TEC measurements

Correspondence td?. Wielgosz (wielgosz.1@osu.edu) with a 30-s sampling rate were obtained.




406

70

60

50

40
-10 6)4@1_20 30 40

50

1010 L?TZO 30 40

40

10 6)5'191_20 30 40

70
60

50

40 ,
0 0 i B 47

-10 éJOLjLI_ZO 0 40
L))

By

60

50

40

10 0 10 20 30 40

40

00 10 20 30 40

P. Wielgosz et al.:

02 UT

70
60

50

10 6)60)1_20 30 40

70
60

50

10 100lj)T20 0 4

Latitudinal variations of TEC over Europe

03 UT

70
60

50

10 6)70)1_20 30 40

70
60
50

40

S —
—

40

-10 PSLWTZO 30 40

70—
60

50

10 105de0 30 40

10 é)zd)TZO 30 40

G
70 u\H)

60

50

40

100 10 20 30 40

0 2 4 6 8 101214 16 18 20 22 24 26 28

40

10 0 10 20 30 40

BN ] | [ [N :cy

Fig. 1. TEC maps for 7 December 1999. The plots demonstrate the development of the trough over Europe.
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Fig. 2. Latitudinal TEC profiles over Europe at longitude®Z Black line — 5 November 1999, K, = 9, red line — 18 July 2000,
> Kp =12, blue line — 15 March 2003, K, = 4.

A stable solar-fixed reference frame (local maps were produced with a 15-min interval and 30-s TEC
time/geographic latitude) was used for estimating TEC.measurements were averaged over this interval.
When producing TEC maps, the TEC measurements from
all the stations were fitted into spherical harmonic expansion
with a maximum degree/order of 16. The GPS observationg Results and discussion
with elevation angles above 2@vere used in this fit. The
accuracy of TEC maps depends on the spatial gaps in TEQ\s an example, Fig. 1 illustrates the TEC maps over Europe
data (Mannucci et al., 1998). A large number of GPSfor 8 December 1999 K, = 20). A large-scale structure
stations used in this study provided a good coverage othat can be observed in the maps as longitudinally extended
the observational data. The coverage is very adequate angepression of TEC is recognized as the mid-latitude iono-

yields a reasonable surface harmonic fit and provides TECspheriC trough. In the maps, one may observe the temporal
maps with a spatial resolution of 150-300km. The TEC development of the spatial TEC distribution.
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Fig. 3. Scatter plot illustrates day-to-day variations of TEC latitudinal profiles for October 1999.

The latitudinal TEC profiles were constructed from TEC A trough-like structure appeared at 14:00 U¥16:50 LT).
maps at a one-hour interval. Figure 2 presents a comparHereafter, the development of the trough becomes more ap-
ison of latitudinal TEC plots for different seasons for the parent. The lower boundary of the trough minimum occurred
quiet days of 5 November 1999, 8 July 2000, and 15 Marchnear 70 N, and then shifted to 8N. After midnight, the po-
2001. The summer and spring daytime TEC slowly decreasetar wall became well pronounced, but at the same time the
towards high latitudes, with latitudinal gradients of about equatorial wall disappeared. The ratio of the minimum TEC
0.1-0.2 TECU/degree (TECU — TEC Unit). In the evening value to the polar-wall value amounts to 2. The lack of the
and at night, during the winter and the equinox, the TEC pro-equatorial wall in the latitudinal plot may cause doubt if this
files represent trough-like structure. The sharp increase ofatitudinal structure is the real occurrence of the trough. Si-
TEC that occurred at latitudes of 6570° N demonstrates a multaneously, the polar wall may be interpreted as the night-
distinct polar wall; at the same time the equatorial wall is lesstime TEC enhancement (Horvath and Essex, 2000). The
pronounced. In winter, the daytime slope of the latitudinal nighttime TEC increase was also often observed in winter
profiles suddenly drops over 60° N, causing high latitudi-  at Kiruna and Tromsg stations at latitude70° N. Intensity
nal gradients, which are typical for the ionospheric trough. of the nighttime TEC enhancement increases during a mag-
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Fig. 4. Latitudinal TEC profiles over Europe at longitude®ZB. Black line — 20 Octobefy” K, = 6, red line — 21 Octobe} " K, = 25,
blue line — 22 Octobel} " K, = 46.

netic disturbance (Zarraoa and Sardon, 1996). During the The above behavior of latitudinal dependency of TEC is
time period we examined, this feature was observed duringegularly observed in winter conditions. In Fig. 3, the varia-
quiet magnetic conditions, and appeared regular in wintettions of latitudinal TEC profiles are presented on a daily basis
and frequently in March. In addition, we examined the di- for October 1999. A scatter plot also demonstrates the occur-
urnal variations of TEC over the Kiruna and Tromsg sta-rence of the trough in latitudinal TEC profiles. Here, we do
tions during the investigated period, and no explicit night- not distinguish between disturbed and quiet days. Since the
time TEC enhancement was detected. The evidence that thieough location depends on the geomagnetic activity, the oc-
observed structure at latitudinal plots is the occurrence of theurrence of the trough in a scatter plot is less pronounced.
ionospheric trough is supported by temporal variations of the It should be mentioned that the two troughs can be rec-
trough position. In the afternoon, the location of the trough ognized in the ionosphere — the mid-latitude (main) trough,
minimum shifted towards the lower latitudes. located on the equatorward side of the auroral oval, and the
high-latitude one, located on the poleward side (Werner and
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Fig. 5. Latitudinal TEC profiles over Europe at longitude®Z Black line — 2 Octobery K, = 16, red line — 4 Octobed K, = 40,
blue line — 5 October} " K, = 53.

Prolss, 1997). In this study, the highest-latitude station was3.1 Dynamics of TEC profiles during disturbances
Ny-Alesund (geographic latitude 8 N). This station, de-

pending on the geomagnetic conditions, can probe the mid-y js \vell known that the latitudinal location of the iono-

as well as high-latitude trough. Unfo_rtgnate_ly,_the GPS tECh'spheric trough depends considerably on the geomagnetic ac-
nique usually does not allow often distinguishing both struc-

tivity and it has a great influence on the latitudinal distribu-

tures, since at high latitudes GPS satellites are observed 3bon of TEC. as mentioned earlier. In this paper we demon-

lower elevation angles as compared to mid-latitudes. At theg 10 some examples of storm-time variations of latitudinal
Ny-Alesund station the maximum elevation angle does notrec profiles for different seasons

exceed 55 A low elevation GPS signal can intersect both ] ) o
Figure 4 shows the dynamics of latitudinal TEC depen-

troughs yielding to the smooth picture of the TEC behavior. '

For high latitude ionospheric studies, the GLONASS constel-d€ncy during the storm of 22 October 1999. For compar-

lation with inclination of 68 seems more convenient. ison, the latitudinal profiles for quiet days are also shown
in the same figure. Before the storm, the quiet geomag-
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Fig. 6. Latitudinal TEC profiles over Europe at longitude®Z Black line — 12 Julyy" K, = 16, red line — 13 July}_K, = 30,
blue line — 14 Julyy" K, = 36.

netic condition persisted for three days. On 20 October 19991999 (3 K, = 21) and 22 October 1999 ( K, = 46) is

the hourly latitudinal profiles display a monotonous char- clearly visible. During the storm, the trough minima shifted
acter. With the increasing geomagnetic activity, the iono-towards middle latitudes up to 5. The latitudinal profiles
spheric trough appears in the profiles. The trough appearedxhibited a complex behavior with the presence of the slight

after 16:00 UT at the latitude of about°7/M. After midday,

polar wall.

the trough migrated towards the lower latitudes, and reached |n Fig. 5, the effects of the strong storm of October 2000
60° N at 23:00 UT. On a severe storm day (22 October 1999)(max|mum2 KP = 53) are also demonstrated. The storm

the sumk,, amounted to 46, anf; dropped to~ 220 HT.

consisted of a positive (4 October 2000) and negative phases

It can be observed in the plot that after 06:00 UT on 22 Octo-(5 October 2000). On 4 October, a sharp slope appeared in
ber, the strong negative effect of the storm began. At latitudesatitudinal TEC dependence after 06:00 UT, which may be
lower than 40 N the depression of TEC exceed 150%. In the interpreted as the equatorial wall of the ionospheric trough.
plot, the dynamics of the trough minimum during 21 October The trough minimum appeared at noon at latitudes near
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e.g. Werner and Prolss (1997). Figure 7 shows that the curve
of the average trough position is not symmetric with respect
to midnight. The TEC data were used to model the local
time variation of the trough minimum. An approximation
analogous to the one applied by Werner and Prolss (1997)
was used (a Fourier series expansion of degree 2, which was
fitted to the average curve using a least-squares adjustment):

LATITUDE

2T . (27
12 15 18 21 24 3 6 9 O (MLT) = ag + a1 cos ﬂMLT + b1 Sin QMLT

M L T

4 . (4w

Fig. 7. Position of the trough minimum for October 1999 (in CGL +az COS(ﬂMLT> +bzsin (ﬁMLT) ’ @)
and MLT). Dots — daily values, crosses — monthly averages, black
line — approximation.

where: ® corrected geomagnetic latitude, MLT is the mag-

netic local time (hours)q0=37.49, a;=0.28, b= — 2.58,
70°N. In contrast, during the storm of October 1999, the »,—0.30.
ionospheric trough demonstrated clearly sharp equatorial and
polar walls. . .

Figure 6 illustrates the variations of the latitudinal TEC 3.3 Comparison of GPS-derived TEC and the IRl model
profiles for the summer storm of 13-14 July 2000. During
the quiet day of 12 July 2000, the latitudinal profiles demon-Figures 8 and 9 present a comparison of the latitudi-
strate a steady slope, with a decrease of TEC towards highdt@! profiles of GPS and IRl TEC for 15 December 1999
latitudes. During the storm, the latitudinal dependency alsol>_ K = 6.6) and 4 April 2001} K, = 26.0). For com-

shows a complex behavior. We notice the occurrence of th@arison purposes, the individual days with a typical pattern
trough-like structures in latitudinal TEC profiles during the of occurrence for the latitudinal variations of TEC were se-

winter, as well as during the summer. lected. In this paper, only the behavior of the TEC profiles is
discussed.
3.2 Data analysis and the trough minimum modeling The IRI profiles show a repetitive character with the weak

variations of TEC with latitude. During December, as well
The above analyses of the latitudinal profiles of TEC showedas during April, IRl TEC increases slightly with latitude
that the latitudinal distribution essentially depends on the oc-showing the positive latitudinal gradients. In contrast, GPS
currence of the ionospheric trough. According to data avail-TEC decreases toward higher latitude, demonstrating the es-
ability, the latitudinal profiles were derived from TEC maps sentially negative latitudinal gradients. GPS-derived TEC
by plotting the hourly TEC values against geographic lati- demonstrates a depression arountd0which is recognized
tudes. The plots were used to identify the trough and de-as the ionospheric trough. The latitudinal profiles of GPS
termine the position of the trough minimum during the high TEC show a great variability in latitudinal dependency. Gen-
solar activity period of October to December 1999. In ordererally, there is an essential discrepancy between the latitudi-
to analyze temporal variations of the location of the troughnal dependency of IRl and the GPS-derived TEC. IRI TEC
minimum, the corrected geomagnetic latitude (CGL) anddata do not represent the ionospheric trough and as a conse-
the magnetic local time (MLT) coordinate system was used.quence, the latitudinal gradients of GPS TEC are 2—3 times
These coordinates were selected as most suitable to represagreater. In addition, the latitudinal gradients in GPS-derived
the data. We did not distinguish between the quiet and disTEC and IRI TEC have the opposite signs. The maximum
turbed conditions. Figure 7 shows the location of all troughdiscrepancy took place near the trough minima at the lati-
minima for October 1999. In spite of the considerable scat-tudes of 55- 65° N, and, depending on geomagnetic condi-
ter, the local time variations of the trough minimum location tions, it reached 20—-30 TECU. The absolute TEC level at the
are clearly visible. A thin line shows the average location of lower latitudes t 40° N) is quite similar, but differences be-
the trough minimum. The scatter of the trough location ex-tween GPS and IRl TEC reached a factor of 2—3 for the lati-
hibits day-to-day variations of the trough minimum, which tudes over 60N (Fig. 9). A good possibility to validate GPS
are generally related to the variations of magnetic activity. TEC observations is a comparison to TOPEX/POSEIDON
At noon, the trough was located at higher latitudes, and in theTEC data (Codrescu et al., 2000). We consider including
afternoon, its position shifted towards lower latitudes. In the TOPEX/POSEIDON TEC data in future studies. A compar-
early morning hours, the trough reached a position closest téson of both techniques over the North and Baltic Seas, as
the equator. The local time variations of the trough are sim-well as over the North-East Atlantic Ocean might be inter-
ilar to the measurements from the other satellite techniquesgsting and is also considered for future research.
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Fig. 8. Comparison between latitudinal profiles of GPS-derived TEC (black) and IRl model (red) for December 1999.

4  Summary

quiet and disturbed conditions.

ing the night hours. This phenomenon can be related to the
occurrence of the ionospheric trough. For the winter con-
GPS observations can provide information about the TECditions, the occurrence of the trough takes place in the af-
distribution on a regular basis. In the preliminary investiga-ternoon. In August trough-like structures in the latitudinal
tions, the analyses of the TEC latitudinal profiles over Europeprofiles are often observed at night. During the disturbances,
were carried out during the solar maximum activity for both the latitudinal dependence is more variable. We relate this ef-
fect to the migration of the position of the trough minimum,
Diurnal and seasonal variations were obtained from thewhich depends on the geomagnetic activity. The compari-
TEC maps. Day-to-day variations were found to be maxi-son of GPS-derived TEC profiles with the IRl model demon-
mum in winter and minimum in summer. During the day- strates that the IRl model might not reproduce the latitudinal
time, TEC decreases onotonously towards the high latitudesTEC variations correctly.
The latitudinal gradients are larger in winter than in summer.
The scatter of latitudinal profiles reaches its maximum dur-
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