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Abstract. In this paper, the ten-year (1996—2005) total ion rather complicated way (e.g. Balan et al., 1996; Kane, 2003;
density N; measurements from the Defense MeteorologicalLiu et al., 2003; Richards, 2001; Sethi et al., 2002; Su et
Satellite Program (DMSP) spacecraft in the morning andal., 1999; West et al., 1997). Considerable progress has been
evening (09:30 and 21:30 LT) sectors have been analyzedchieved in understanding the solar cycle variations of the F
to explore the dependence of plasma densities in the topsidiayer (e.g. Kane, 2003; Lei et al., 2005; Liu et al., 2006b;
ionosphere at middle and low latitudes on the solar activitySethi et al., 2002), while limited analyses have been applied
level. Results indicate that there is a strong solar activity deto the topside ionosphere (e.g. Rich et al., 2003; Su et al.,
pendence of DMSP; at 848 km altitude, which has latitudi- 1999; West et al., 1997; Zhao et al., 2005). Evidence in-
nal and seasonal features. The plasma density in the topsiddicates that ionospheric variations have altitude dependen-
ionosphere has an approximately linear dependence on dailgies (Rich et al., 2003; Su et al., 1999). For example, Su et
F107 and a strongly nonlinear dependence on SEM/SOHGl. (1999) found strong altitude dependencies in the solar ac-
EUV, such that the change rate 8f becomes greater with tivity variations of electron densities, which were observed
increasing solar EUV. This is quite different from the de- with the Japanese incoherent scatter radar. Recently, Rich et
pendence ofV; near the F-Region pealN(rF2), at which  al. (2003) revealed that the 27-day effect is much more pro-
the rate of change dfimF2 decreases with increasing solar nounced in the topside plasma density than that in the total
EUV. The rate of change a¥; at the DMSP altitude is great- electron content (TEC).
est in the latitude range whel¢ is greatest during high so- Topside plasma densities have been being continuously
lar activity. We suggest that this greater rate of change (ormeasured by the Defense Meteorological Satellite Program
amplification effect) ofN; at the DMSP altitude is mainly (DMSP) spacecraft since 1987. This database is ideally
a consequence of the solar activity variations of the topsidesuited for studies of the climatology of the topside iono-
scale height. The changes in the height of the F-Region peakphere. Atthe same time, since 1996, the solar EUV fluxes in
(hmF>) and the densitiNmF2 play a secondary role. 26—-34 nm and 0.1-50 nm wavelength bands have been being
continuously monitored by the Solar EUV Monitor (SEM)
pectrometer on board the Solar Heliospheric Observatory
OHO) (Judge et al., 1998). There are few comparable
records in history, especially the solar EUV observations
(Kane, 2003). In this analysis, data from both measurements
are collected to investigate the solar cycle variations of the
1 Introduction topside ionosphere. We will focus on the effects in the morn-
ing and evening (09:30 and 21:30 LT) sectors at middle and
It is well known that the temporal variations of the Earth’s |gw |atitudes. The most striking new feature is that DMSP
ionosphere are ultimately linked to those of solar activity, increases at a higher rate with increasing SEM/SOHO EUV.
because the main source of the ionospheric plasma is phorhis is contrary to the saturation effects of the peak electron
toionization of neutrals by solar extreme ultraviolet (EUV) density of the F layerNnmF2) and TEC (e.g. Balan et al.,
and X-ray radiations. Previous studies have shown that elec1gg4, 1996: Liu et al., 2003, 2006b). This feature is pro-
tron density in the ionosphere varies with solar activity in a nogunced in a broad range of latitudes, which has not been
reported yet.
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tered on 21 June), and September equinb2Q days cen-
tered on 23 September). Moreover, Zhao et al. (2005) exam-
ined the storm effects for more than one hundred cases during
1996—-2004 and found that Ni is enhanced during the main
phases of storms and depressed during the recovery phases
of storms. As a matter of fact, since the topside ionosphere
is largely controlled by solar EUV, the geomagnetic effect is
less statistically evident. It is found that there is no obvious
statistical relationship betwee¥; and geomagnetic distur-
bances. Therefore, we ignore the geomagnetic activity ef-
fects on the plasma densities in this analysis.

Since 1996, solar EUV fluxes in 26—34-nm and 0.1-50-nm
YEAR wavelength bands have been being continuously monitored
by SEM/SOHO (Judge et al., 1998). The daily values of the
Fig. 1. Periods of DMSPN;, and SEM/SOHO EUV in the 0.1-  SEM/SOHO EUV fluxes are available at the webditép:
50 nm wavelength band with corresponding solar index F107. Ihvww.usc.edu/dept/spacience/semdatafolder/longiVe
only use the 0.1-50-nm EUV flux data (denoted as the
following sections for brevity) in this study, since there is a
2 Data source strong linear cross-correlation between these two bands (Liu
) ) ) et al., 2006b). The 10.7-cm solar radio flux, F107, is of-
The series of the DMSP spacecraft are designated with letrep ysed as a standard proxy for solar activity. In this paper,
ter F and the flight number. The fleet of DMSP spacecraftye adopt the adjusted values of F107 provided at the SPIDR
are in Sun-synchronous polar orbits at a constant altitude ofyepsite in accord with the work of Liu et al. (2006b), since
about 848km. The period of an orbit is around 101 min, gifferent F107 values (the observed, adjusted and absolute
and consecutive orbits are separated in longitude by°25.5 values) do not affect our conclusions. Figure 1 shows the
The nearly constant local time of the DMSP orbital planes,gyiations of F107 and the intensities of EUV in the 0.1-50-

makes their ionospheric measurements unique for allowingym wavelength band. The time coverage of DM&Hs also
other drivers of the plasma characteristics to be more noticegjisplayed in Fig. 1.

able. The overlapped operational time of the spacecraft en-
sures the data’s integrity. The spacecraft carries a “Special
Sensor-lons, Electrons and Scintillation” (SSIES) package to
monitor the behavior of thermal plasma in the topside iono-3 Results
sphere since 1987. This package has been described in many
works (e.g. Rich et al., 2003; West et al., 1997). The sum ofAs an example, Fig. 2 shows scatter plots of DMSP
plasma densities over all species (referred to as the total ioagainst, and F107 in every day during December solstices at
density, ory;) is measured with the onboard Scintillation 5 magnetic latitude bins (4%, 16 S, @, 16° N, and 40 N).
Meter at a resolution of 24 Hz. Due to the page limitation, we only show data in the morning
In this paper, only data in the morning and evening (09:30sector here, although this feature presents at both local time
and 21:30 LT) sectors from the spacecraft F12, F14, and F15ectors (21:30 and 09:30 LT). Readers may consult the gen-
were chosen. They; data are archived and provided at the eral differences between both local time sectors in the work
University of Texas, Dallas (UTD) website as a 4-s average.of Zhao et al. (2005). A complete picture over the latitudinal
At each local time sector, values of; in each day from coverage is illustrated in Fig. 3. The solid curves in Fig. 2
1996 to 2005 betweeft50° geomagnetic latitude are aver- show the corresponding fits with the piecewise linear least-
aged in 51 latitude bins. The geomagnetic coordinates wesquares method. To obtain the nonlinear trend, we choose
used are provided by UTD. The magnetic latitudes are thell pieces of fitted bits in each latitudinal bin in this analy-
corrected geomagnetic coordinates of the sub-spacecraft Isis. Although the detailed response in each latitude bin is
cations. Each bin includes data points over all longitudes, isslightly different, the overall results show th&} increases
centered at even latitudes (39, 48N, ..., 48 S, 50 S), with increasing F107 of. Plasma densities increase almost
and spans 2%5in extent (some overlap with neighbor bins). linearly with F107 when F107 lies in the range 100 to 250.
Irregularity structures, e.g. equatorial plasma density bub-The variation ofyV; at an altitude of 848 km with F107 is gen-
bles, may appear in the post-sunset topside ionosphere. lerally similar to that at 600 km (Su et al., 1999). The differ-
regularities in the data set have been removed before takingnt manifestations a¥; with F107 and may be understood
the average. The seasons are defined as December solstis&en a nonlinear statistical relationship between F1071and
(£45 days centered on 21 December), March equiaeBQ(  is taken into account. Results illustrated in Fig. 2 of Liu et
days centered on 23 March), June solstitd% days cen- al. (2006b) show that the increase in SEM/SOHO EUV with
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Fig. 2. Variations of the morning (09:30 LT) DMSR; with F107 and SEM/SOHO EUV during December solstices. The variations of
piecewise least-squares fit are shown by the solid curves.
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Fig. 3. The piecewise linear least-square fitted values of DMGRin 10° cm*3) as functions of magnetic latitude and solar EUV in four
seasons.

F107 is much steeper at low and moderate F107 values thatihe F peak tend to increase much less or even negatively for
at high ones. higher F107 or EUV) (e.g. Balan et al., 1996; Liu et al., 2003,

What is important to be noticed here is contrary to the sat-_2006b), DMSPN; increases at a higher rate with increas_-
uration effect in the F region (that is, plasma densities neaing EUV. This feature of a greater rate of change (we call it
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Fig. 4. The change rates a¥; with respect to solar EUV,&;/dI (in 10° cm~3 per 13° photons crim2 s1), as functions of magnetic latitude
and solar EUV in four seasons.

an amplification effect) is more significant in the Southern of Fig. 4) and September equinox (the bottom-right panel of
Hemisphere and at lower magnetic latitude in the DecembeFig. 4).
solstice months. This noticeable feature also exists in other Figures 3 and 4 show that the maximum ion density in
seasons (see Figs. 3 and 4). the Southern Hemisphere during the December solstices is
Figure 3 illustrates the latitudinal variations and solar ac-larger than that in the Northern Hemisphere during the June
tivity dependences of the piecewise fitt¥din the four sea-  solstices. The hemispheric asymmetry becomes stronger
sons in the morning sector. Adjusting the size of the fitting with increasing solar activity. The latitudinal features of the
pieces does not change the general feature, while these tedBVSP plasma densities are obviously modulated by solar ac-
indicate some influences on the corresponding change ratdiyity and season, that is, the latitudinal structure becomes
of N; with I, dN;/dl. It is clearly seen in Fig. 3 that DMSP more significant at higher solar activity and at seasons other
N; has distinct seasonal and latitudinal variations and stronghan equinoxes. As we know, the latitudinal changes in the
solar activity dependencies. solar zenith angle (SZA) could have some effects on the lat-
The plasma densities at 848-km altitude have highest valitudinal pattern shown in Figs. 3 and 4. The local sunrise
ues within a broad range of latitudes around the magnetidime could change by 2 h from 50! to the geographic equa-
equator, which shifts with season. At higher latitudes, plasmdor; over the same latitude range SZA could change up to
densities are found to decrease with increasing latitude irft5° in winter. Moreover, the movement of the ionosphere
both hemispheres and plasma density is higher in the sumdue to neutral winds may also be a primary cause of the lati-
mer hemisphere. tudinal and seasonal variations of the topside plasma density
The corresponding change ratesifwith I, dN;/dl (in (Venkatraman and Heelis, 2000). Equinoctial asymmetries
unit of 1P cm=3 per 13° photons cm2s~1), in the four sea-  Seen in the MU radar observations (Balan et al., 1998) are
sons are plotted in Fig. 4. As illustrated in Fig. 4yddl also found in DMSPN;. Readers can consult the work of
varies with latitude and season. Moreover, the values of-iU €t al. (2007b) on the hemispheric and annual asymme-
dN;/dl tend to increase with increasing solar EUV. For exam-tries of DMSP Ni. Furthermore, a statistical model of DMSP
ple, at 20 S magnetic latitude in the September equinox the Ni has been developed by Zhao et al. (2005) using an empir-
value of dV;/dl increases from lower than 46m~3 per 1¢°  ical orthogonal function analysis.
photons cm? s~ to higher than %10* cm~3 per 13° pho-
tonscm2s~1. In other words, the increase of becomes
stronger at high EUV values than at low values. This fea-
ture is more distinct in December solstice (the top-left panel
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4 Discussion 700 . .

The topside ionosphere at DMSP altitude is mainly com- qb Solar Maximurm

posed of ions @, HT, and He". The abundances of these %[  ——— ]
ions are dominated by transport and chemical processes (e.c ‘9\ ]
Chandra and Rangaswamy, 1967; West et al., 1997; Zhao e  sy5[ % ]
al., 2005). The plasma distribution of the equatorial and mid- E ol ar Minimmum \ ]
latitude ionosphere is subject to a number of transport pro- g ® ]
cesses involving thermospheric neutral winBs¢B drifts, E40r X ]
and field-aligned diffusions (Venkatraman and Heelis, 2000). < L ]
During the daytime, photoionization of*Oin the F-region a0l /;5 ]
creates an upward pressure gradient force in the topside iono o ]
sphere. As a result, the newly-created @iffuses upward Arecibo ISR ﬁ/ ]
along the magnetic field lines. The plasma also undergoes ar 200} o ]
upwardE x B drift motion during the daytime. The upward T E—— -1'3

diffusion andE x B drift of plasma during the daytime cause 3

the O" ion to become the dominant species at the DMSP al- 10g o (Me), m

titudes, especially at high solar activity (West et al., 1997).

At night, rapid recombination of the ion species in the iono- Fig. 5. Typical electron density profiles over Arecibo under solar

sphere decreases the upward diffusion of the topside p|asmr§aximum (April 1989) and solar minimum conditions (April 1986).

along the field line. Above the F-layer peak, the transport

processes become more and more dominant in controlling

the plasma distribution. As a result, it is expected that, toheightz in Eq. (1), thus also giving rise to plasma density at

first approximation, plasma densityy) in the topside iono- the DMSP altitude.

sphere is under diffusive equilibrium (Rishbeth and Garriott, Moreover, the shape of the topside plasma density profiles

1969): or the scale height may also vary with solar activity (Chuo,

_ —z 2007; Kutiev et al., 2006; Kutiev and Marinov, 2007; Liu et

Ne(h) = NF2exp[05(1 —z — )] al., 2007a; Luan et al., 2006; Stankov and Jakowski, 2006).
z=(h—hmF2)/H(h). 1) With measurements from incoherent scatter radar, digisonde,

HerehnF2 is the peak height and () the topside plasma topside sounder, and radio occultation techniques, the plasma

scale height at an altitude Thus, variations of plasma den- Scale heights around theé peak and the topside ionosphere

sities in the topside ionosphere are closely coupled with thosé@re found to become larger at higher solar activity (Kutiev et

in the F-region, as well as with the topside scale height, al-al., 2006; Lei et al., 2005; Liu et al., 2006a, 2007a; Stankov

though the behavior in the topside ionosphere is rather dif-and Jakowski, 2006), which will also increase plasma density
ferent from that in the F-region. at the DMSP altitude as a key role by further decreasing the
Based on Eq. (1), a qualitative explanation for different reduced height in Eq. (1).
manifestations of the solar activity variations in the topside The aforementioned three related variations are schemati-
and the F-region ionosphere is made by taking into accountally illustrated in Fig. 5 with typical electron density profiles
the variations of (INmF2, (2)hmF2, and (3) topside scale observed with the Arecibo incoherent scatter radar under so-
height with increasing solar activity. lar minimum and maximum conditions. A complete statis-
When solar activity becomes more active, the photoion-tical analysis on the scale heights from the Arecibo ISR ob-
ization production rate increases due to the enhancement afervations is reported by Liu et al. (2007a). Since DM&P
both solar EUV flux and the concentration of atomic oxy- observations are made at an altitude of several scale heights
gen (e.g. lvanov-Kholodny and Mikhailov, 1986; Richards, above thef, peak, variations in density near the peak may
2001). This will contribute to the increase offGand total  be amplified in DMSP plasma density through the “pivot ef-
ion concentrationV; (or electron density) at a fixed altitude fect” (Rich et al., 2003), e.g. the 27-day variation. The “pivot
in the ionosphere or arourtaF2, although the saturation effect” occurs when a variation in density is amplified by a
effect may occur or becomes significant at some locationdactor ofe (=2.71828) at an altitude of a scale height above
(Balan et al., 1996; Liu et al., 2003, 2006b; Richards, 2001;the F»> peak. Because DMSP observations come from more
Su et al., 1999). than 3 scale heights above the peak, Rich et al. suggested
At the same time, the height of thé peak is closely re- that this effect is contributed to by scale height. As a result,
lated with solar activity, that is, thé&, peak also moves to even in a situation where the solar activity dependency of
higher altitude at higher solar activity (e.g. Buonsanto, 1990;the electron density near th& peak is weak, with increas-
Lei et al., 2005; Liu et al., 2006b; Pandey et al., 2003; Zhanging altitude, the variation of plasma density will be amplified
et al., 2005). HighehmF2 will lead to a smaller reduced and a stronger solar activity dependency will be present at

www.ann-geophys.net/25/1337/2007/ Ann. Geophys., 25, 133¥3-2007
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