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Abstract

Based on long time series of vertical incidence sounding and GPS TEC observational data, analyses
have been made on both climatological and storm-time patterns of the ionospheric slab thickness
behavior, such as the pre-dawn and post-sunset enhancements and the correlation with plasma scale
height. Particular attention will be given to the variations during active geomagnetic conditions.
Potential applications of these analytical results and present-day monitoring capabilities will be
discussed as well. Ionospheric slab thickness monitoring, when available in real time and for several
suitable locations in a region of interest, can be used for detecting and eventually predicting the
propagation features of ionospheric disturbances. A local monitoring system has been developed by
RMI Belgium to provide better real-time ionospheric characterization and understanding of the local
ionospheric dynamics at Dourbes (50.09°N, 04.59°E). The feasibility of establishing an operational
system for broad mapping of the ionospheric slab thickness over Europe is being investigated.

Introduction

The ionospheric slab thickness (1) is defined as the ratio between the total electron content (TEC)
and the F2-layer peak electron density (N, F,). Alternatively, 1 is the depth of an idealized ionosphere
which has the same electron content as the actual ionosphere but uniform electron density equal to
the maximum electron density of the actual ionosphere. The slab thickness measurements offer
substantial information on the shape of the electron density profile and, via TEC, on the level of
ionospheric ionization in general (Stankov et al., 2003). Also, the slab thickness value contains, by
virtue of its relation to the vertical plasma scale height, implicit information on the neutral and ion
gas temperatures. Thanks to the regular and reliable Global Positioning System (GPS) measurements
of TEC, valuable information can be obtained for the plasma distribution and various other dynamic
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Strong correlation exists between the slab thickness and plasma scale height (Fig.1). For example,
median values of the winter-time scale height are plotted together with corresponding slab thickness
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estimations at the site of the ionosonde station Juliusruh (54.61N, 13.41E) which is in the middle
latitude belt. As seen from the figure, the correlation is very strong. It is important to mention here
that independent measurements have been used for computing the slab thickness - TEC is obtained
from the International GNSS Service (IGS) measurements and N,,F, is derived from ionosonde
measurements. Interestingly, our previous calculations show that such winter-time behavior, of both
Hsc and 7, is preserved for low solar activity levels as well. It is clear from the results that during
quite-time conditions the slab thickness is correlated with the plasma scale height, whereas under
disturbed conditions, the compression/expansion of the electron density profile is controlled mainly
by dynamic forces such as neutral winds and electric fields. Most of the mechanisms determining the
plasma scale height are valid for the slab thickness behavior as well (Stankov and Jakowski, 2006).

Climatology of the ionospheric slab thickness variability

It has been found that the slab thickness shows appreciable diurnal, seasonal, spatial, solar and
geomagnetic activity variations.

The diurnal variations of the slab thickness during low solar activity are characterized with higher
night-time values while the opposite occurs during solar maximum. The night-time values are higher
during all seasons in middle latitudes, while during summer at low and high latitudes night-time
values are higher (Davies and Liu, 1991; Goodwin et al., 1995; Jayachandran et al., 2004).

The slab thickness exhibits a pronounced pre-dawn enhancement (PDE). The magnitude of this
increase is larger in low latitudes than in middle latitudes (Bhonsle et al., 1965; Davies and Liu,
1991). It is attributed to low values of N,F, rather than be an increase in TEC. The pre-dawn
increase is a phenomenon closely related to the maintenance of the night-time F layer and can
sufficiently well be explained by the lowering of the ionospheric F layer immediately before sunrise
to regions of greater neutral density, leading to increased ion loss due to recombination. The effect is
believed to be particularly strong in the bottom-side ionosphere includes the density peak. As a
result, the decrease in N,F, and the bottom-side density is much faster than the topside ionosphere
where the loss rate is lower and thus, an enhancement occurs. In addition, plasmaspheric fluxes can
also play a role in the increase. There exists also a post-sunset (PSE) enhancement in the slab
thickness which origin is still not well understood. Both, the PDE and PSE peaks are regular features
appearing during solar minimum in all seasons and latitudes, while during solar maximum they are
still preserved for high and low latitudes but not for middle latitudes (Jayachandran et al., 2004).
Kouris et al. (2004) report that, due to the hysteresis effect between TEC and (fon)Z, the mid-latitude
pre-noon slab thickness values are substantially higher than the afternoon values.

In general, the slab thickness variations increase with solar activity during all seasons. However, in
some regions, e.g. at low and equatorial latitudes, the median daytime value of the slab thickness
seems to be poorly correlated with the solar activity index S;o7 (Chuo, 2007). At these latitudes, the
mean daytime values remain more or less constant for both low and high solar activity. At higher
latitudes, the slab thickness may stay unchanged during low solar activity; but during high solar
activity appear to increase in step with the increasing solar flux values (Jayachandran et al., 2004).
For the equatorial region, Klobuchar et al. (1991) calculated a slab thickness peak of about 510 km
during solar maximum conditions and, during solar minimum conditions, a corresponding peak in
the range of 460 - 560 km depending on the drift conditions. The pre-dawn enhancement is reported
to be well pronounced during the solar minimum, gradually disappearing during the ascending part
of the solar cycle, and reappearing during the solar maximum particularly during the winter season.
(Minakoshi and Nishimuta, 1994).
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Although the magnetic activity does not appear to have any significant influence on the t variations
at equatorial and low latitudes (Jayachandran et al., 2004; Chuo, 2007), it seems to enhance the 1
values for mid-latitude during solar minimum and for high latitude during solar maximum
(Buonsanto et al., 1979). A positive correlation has been detected between the monthly mean values
of the slab thickness and the Ap geomagnetic index (Kersley and Hosseinieh, 1976), explained with
the dependence of the neutral gas temperature on the level of magnetic disturbances.

Several studies in the northern hemisphere indicate that, generally, the slab thickness is greater in
summer than in winter (Roger, 1964; Spalla and Ciraolo, 1994; Minakoshi and Nishimuta, 1994;
Stankov, 2002; Leitinger et al., 2004). Observations from the southern hemisphere confirm that the
day-time slab thickness is greater in summer than in winter (Titheridge, 1973; Goodwin et al., 1995).
Nevertheless, there are obviously some differences. For example, Jin et al. (2007) report that, in the
East Asian zone, larger day-time values are maintained during equinox while smaller values are
observed in summer and winter. Moreover, two peaks appear around 10 LT and 18 LT, most
distinctively in summer. Both the pre-dawn and post-sunset enhancements appear over the equatorial
ionization crest area in all seasons and solar activity levels (Chuo, 2007).

There are no clear-cut trends established in the spatial variations of the slab thickness. Davies and
Liu (1991) report that it is impossible to discern any geographical or geomagnetic dependence to
within the data accuracy (scatter). Other observations from the southern hemisphere also indicate an
absence of latitudinal dependence of the slab thickness in any season (Goodwin et al., 1995).
Klobuchar et al. (1991) find that there is a region of enhanced slab thickness extending from
equatorial to dip latitudes of around + 34°. Leitinger et al. (2004) conclude from theoretical
considerations that there is an increase in the slab thickness towards the dip equator when the
equatorial anomaly is on. At higher latitudes, the t diurnal ratios are found to be larger than the
corresponding values from the lower latitudes, particularly during solar maximum winter and
equinoxes; on the other hand, the mean winter daytime value at middle latitudes is lower compared
to that in low latitudes (Jayachandran et al., 2004).

By combining vertical electron content (derived by means of the Faraday effect on the VHF signals
of geostationary satellites) with peak electron density (derived from ionograms), and after neglecting
solar activity, diurnal and seasonal variations, Leitinger et al. (2004) estimated that the overall mean
slab thickness for Europe can be given as 230 km with a standard deviation of 50 km. For high solar
activity however, an increased average around 300 km is found to be more appropriate. The overall
means for the American sector are slightly higher: T = 242 km for low solar activity, T = 267 km for
moderate solar activity, and T = 292 km for high solar activity (Fox et al., 1991). Other longitudinal
differences in the diurnal and seasonal variations of the slab thickness are reported as well
(Jayachandran et al., 2004).

Slab thickness variations during geomagnetic storms

The slab thickness variations during a given geomagnetic storm depend mainly on the relative
variations of TEC and N,,F, parameters, but also on the storm intensity and the time passed since the
storm onset. An increasing slab thickness (e.g. rising TEC accompanied by constant or decreasing
foF») indicates plasma uplifting - a manifestation of active electric fields that produce a vertical drift
driving the plasma upwards to regions of lower ion loss (Buonsanto, 1999). Slab thickness
enhancements are observed during the negative storm phases of NF, and TEC, during solar
maximum (for as long as 48 hours since the storm onset) as well as during solar minimum, although
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with a 12-24 hour delay from the storm onset (Gulyaeva and Stanislawska, 2005). If the sudden
storm commencement occurs during daytime, a positive phase in the slab thickness is seen
throughout the rest of the day but on the following days a negative phase arises in the winter
hemisphere while in the summer hemisphere, slab thickness shows a positive phase during the entire
storm period (Titheridge and Andrews, 1967). Several case studies show that, during winter storms,
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the slab thickness values are consistently
higher than their mean values from around
local noon until midnight on the storm day
and then decreasing back to the mean values
(e.g. Fox et al., 1990; Mansilla et al., 1997).

As an example, presented here is the slab
thickness behavior during the geomagnetic
storm starting early on 10 January 1997. This
is a typical winter geomagnetic storm
characterized by a pronounced positive
response from both the TEC and f,F,
parameters (Fig.2). However, the TEC
response is much stronger than the f,F,
response, with the noon TEC values
exceeding by more than 100% the
corresponding monthly medians. In effect,
this leads to a strong ‘positive phase’ in the
slab thickness values throughout the day.
Since the positive phase observation is
initiated at night, the positive cause-effect
description given above cannot be applied
for the increased night-time densities.
Instead, it should be attributed to downward
plasmaspheric fluxes, known to be caused by
the geomagnetic field compression during
the storm onset phase and/or inter-
hemispheric flows. Such plasmaspheric
fluxes can be easily detected; for example, a
high slab thickness value during night-time
(cf. Fig.2D, 0200UT) is an indication of an
enhanced plasma influx from above.

An operational system for monitoring the
local ionospheric slab thickness has been
established in Dourbes, Belgium. By having
instantaneous access to European ionosonde
and GNSS data, it would be possible to
extend this system and provide regional
mapping of the slab thickness in real time.

Fig.2. The ionosphere-plasmasphere response to the
geomagnetic storm on January 10, 1997, as observed
at the site of the Dourbes (50.09°N, 04.59°E) station
(DB049). The slab thickness is plotted in Panel D.



IES2008-A103 (1B-3) lonospheric slab thickness: analysis and monitoring applications 163

Slab thickness monitoring, modeling, and possible applications

Several possibilities exist for utilizing the ionospheric slab thickness monitoring and modeling
efforts. Some slab thickness studies have been carried out with the purpose of assessing empirical or
theoretical ionospheric models (Fox et al., 1991; Gulyaeva, 2003), some have been carried out to
gain more information on related ionospheric characteristics (Stankov, 2002; Stankov and Jakowski,
2006), and others have been carried out to address ionospheric effects issues (Stankov et al., 2005).

Several slab thickness models, appropriate for middle latitudes have been published during the years
(Leitinger et al., 2004; and references therein). In general, these models provide a slab thickness
value in the range between 170 km and 320 km for low solar activity and between 200 and 400 km
for high solar activity, an increase in slab thickness with solar activity, a slight positive dependence
on geomagnetic activity for non-storm conditions. For strong magnetic storm conditions, only a
slight daytime increase of 10 to 30 km is envisaged.

Another recent development, closely related to the slab thickness modeling efforts, is the topside
‘half-peak density height’ model (Gulyaeva, 2003). Similarly to the shape of the bottom-side electron
density profile, expressed via the sub-peak semi-thickness, a topside half-peak density anchor point
(hO5top) has been identified. In fact, hOStop is the height in the topside ionosphere (i.e. above hy,F,)
where the electron density is half the F layer peak density N,F, . Actually, this global empirical
model provides the ratio (RhOS5) of the topside half-width to the F-layer peak height, i.e. Rh05 =
(hO5top-hyF2)/hFo. The model parameters are the solar local time, geomagnetic latitude, and solar
activity. The model database is constructed from topside sounding measurements carried out onboard
the ISIS1 (1969-1971, orbit altitude 500-3500 km), ISIS2 (1971-1980, altitude 1400 km) and
Interkosmos 19 (1979-1982, altitude 500-1000 km) satellites. The database covers more than one
complete cycle of solar activity, including the whole range of diurnal, seasonal and spatial variations
in the vertical profile of the topside electron density.

When available in real time, over a region of interest, the slab thickness values/mapping can be used
for detecting and eventually predicting the extent of an ionospheric density anomaly and its
propagation characteristics. One possible application of the ionospheric slab thickness monitoring is
to assist the operation of the well known ionosphere spatial gradient threat model (Luo et al., 2003).

Acknowledgements
This work was supported in part by grant GJU/06/2423/CTR/GALOCAD.
References

Bhonsle, R.V., Da Rosa, A.V., Garriott, O.K., 1965. Measurement of total electron content and the
equivalent slab thickness of the mid latitude ionosphere. Radio Science, 69 (7), 929-939

Buonsanto, M.J., 1999. Ionospheric storms - a review. Space Science Reviews, 88, 563—601.

Buonsanto, M. J., Mendillo, M., Klobuchar, J.A., 1979. The ionosphere at L. = 4: average behaviour
and the response to geomagnetic storms. Annales Geophysicae, 35, 15-26.

Chuo, Y.J., 2007. The variation of ionospheric slab thickness over equatorial ionization area crest
region. Journal of Atmospheric and Terrestrial Physics, 69, 947-954.

Davies, K., 1990. Ionospheric Radio. Peter Peregrinus Ltd., London.



IES2008-A103 (1B-3) lonospheric slab thickness: analysis and monitoring applications 164

Davies, K., Liu, X.M., 1991. Ionospheric slab thickness in middle and low-latitudes. Radio Science,
26, 997-1005.

Fox, M.W., Mendillo, M., Spalla, P., 1990. The variation of ionospheric slab thickness during
geomagnetic storms. Proc. Intl. Beacon Sat. Simposium (IBSS), June 1990, Tucuman, Argentina.

Fox, M.W., Mendillo, M., Klobuchar, J.A., 1991. Ionospheric equivalent slab thickness and its
modeling applications. Radio Science, 26, 429-438.

Furman, D.R., Prasad, S.S., 1973. Ionospheric slab thickness: its relation to temperature and
dynamics. Journal of Geophysical Research, 78(25), 5837-5843.

Goodwin, G.L., Silby, J.H., Lynn, K.J.W., Breed, A.M., Essex, E.A., 1995. GPS satellite measure-
ments: ionospheric slab thickness and total electron content. J. Atm. Terr. Phys., 57, 1723-1732.

Gulyaeva, T.L., 2003. Variations of the half-width of the topside ionosphere according to the
observations by space ionosondes ISIS 1, ISIS 2, and IK 19. Geom. Aeronomy, 4(3), 201-207.

Gulyaeva, T., Stanislawska, 1., 2005. Night-day imprints of ionospheric slab thickness during
geomagnetic storm. Journal of Atmospheric and Solar-Terrestrial Physics, 67(14), 1307-1314.

Jayachandran, B., Krishnankutty, T.N., Gulyaeva, T.L., 2004. Climatology of ionospheric slab
thickness. Annales Geophysicae, 22, 25-33.

Jin, S.G., Cho, J.H., Park, J.U., 2007. Ionospheric slab thickness and its seasonal variations observed
by GPS. Journal of Atmospheric and Terrestrial Physics, 69, 1864-1870.

Kersley, L.., Hosseinieh, H.H., 1976. The dependence of ionospheric slab thickness on geomagnetic
activity. Journal of Atmospheric and Terrestrial Physics, 38, 1357-1360.

Kouris, S.S., Xenos, T.D., Polimeris, K.V., Stergiou, D., 2004. TEC and foF2 variations: preliminary
results. Annales Geophysicae, 47(4), 1325-1332.

Leitinger, L., Ciraolo, L., Kersley, L., Kouris, S.S., Spalla, P., 2004. Relations between electron
content and peak density — regular and extreme behaviour. Ann. Geophysics, 47(2/3), 1093-1107.

Luo, M., Pullen, S., Dennis, J., Konno, H., Xie, G., Walter, T., Enge, P., Datta-Barua, S., Dehel, T.,
2003. LAAS Ionosphere Spatial Gradient Threat Model and Impact of LGF and Airborne
Monitoring. Proc. ION GPS 2003, Portland, OR, Sept. 9-12, 2003.

Minakoshi, H., Nishimuta, 1., 1994. Ionospheric electron content and equivalent slab thickness at
lower mid-latitudes in the Japanese zone, Proc. IBSS, University of Wales, U.K., 144.

Roger, R.S., 1964. Measurements of the equivalent slab thickness of the daytime ionosphere. Journal
of Atmospheric and Terrestrial Physics, 26, 475.

Spalla, P., Ciraolo, L., 1994. TEC and foF2 comparison. Annali di Geofisica, 37(5), 929-938.
Stankov, S.M., 2002. Ionosphere-plasmasphere system behaviour at disturbed and extreme magnetic
conditions. Final Scientific Report for the Belgian Federal Office for Scientific, Technical, and

Cultural Affairs (OSTC), March 2002, Royal Meteorological Institute, Brussels, Belgium.
Stankov, S.M., Jakowski, N., Heise, S., Muhtarov, P., Kutiev, I., Warnant, R., 2003. A new method
for reconstruction of the vertical electron density distribution in the upper ionosphere and
plasmasphere. Journal of Geophysical Research, 108(AS), 1164, doi:10.1029/2002JA009570.
Stankov, S.M., Jakowski, N., Wilken, V., Tsybulya, K., 2005. Generation and propagation of
ionospheric disturbances studied by ground and space based GPS techniques. Proc. Ionospheric
Effects Symposium (IES), May 3-5, 2005, Alexandria, VA, USA, Paper No. A064/9B2, 807-814.
Stankov, S.M., Jakowski, N., 2006. Topside ionospheric scale height analysis and modelling based
on radio occultation measurements. J. Atmospheric and Solar-Terrestrial Physics, 68(2), 134-162.
Titheridge, J.E., 1973. The slab thickness of the mid-latitude ionosphere. Planetary and Space
Science, 21, 1775-1793.
Titheridge, J.E., Andrews, M.K., 1967. Changes in the topside ionosphere during a large
geomagnetic storm. Planetary and Space Science, 15, 1157-1167.



