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Abstract. Long-term incoherent scatter radar (ISR) observa-1 Introduction
tions are used to study ionospheric variability for two midlat-
itude sites, Millstone Hill and St. Santin. This work is based Studies of ionospheric climatology and variability have been
on our prior efforts which resulted in an empirical model sys- pursued by many prior workersZhang and Holt(2007)
tem, ISR lonospheric Model (ISRIM), of climatology (and (hereafter Paper |) reported on a study based on long-term
now variability) of the ionosphere. We assume that the vari-databases of multiple incoherent scatter radars (ISRs) that re-
ability can be expressed in three terms, the background, scsulted in the ISR ionospheric model (ISRIM) system. This
lar activity and geomagnetic activity components, each ofsystem contains two models: (1) the local ISRIM is con-
which is a function of local time, season and height. So thestructed for each of the seven ISR sites around the world, i.e.,
background variability is ascribed mostly to the day-to-day Svalbard, Tromsg, Sondrestrom, Millstone Hill, St. Santin,
variability arising from non solar and geomagnetic activity Arecibo and Shigaraki, based on its long-term dataset. (2)
sources. (1) The background variability shows clear differ-The regional climatology, as presented in Paper | for a lati-
ences between the bottomside and the topside and changesdinal span of 18—70N in the American sector, is obtained
with season. Théle variability is low in the bottomside in by combining data from sites with similar longitudes. The
summer, and high in the topside in winter and spring. Thepresent paper, however, deals with local variability derived
plasma temperature variability increases with height, androm observations at a specific site using the technique simi-
reaches a minimum in summefFi variability has a marked lar to what is described for local climatology in Paper |. We
maximum in spring; at Millstone Hill it is twice as high as focus on the two mid-latitude locations, Millstone Hill and
at St. Santin. (2) For enhanced solar activity conditions, theSt. Santin. These ISR sites have very similar geographic but
overall variability inNeis reduced in the bottomside of the different magnetic latitudes, with Millstone Hill being closer
ionosphere and increases in the topside.Tépthe solar ac-  to sub-auroral latitudes.
tivity enhancement reduces the variability in seasons of high The ionospheric variability, or the deviation from clima-
electron density (winter and equinox) at altitudes of high tological means, is a pronounced and permanent feature of
electron density (near the F2-peak). Harhowever, while  the ionosphere. It can occur on hourly, daily, seasonal, and
the variability tends to decrease at Millstone Hill (except for solar cycle scales. In particular, during quiet magnetic con-
altitudes near 200 km), it increases at St. Santin for altitudesiitions, the day-to-day variability or the variability on a tem-
up to 350 km; the solar flux influence on the variability tends poral scale much less than monthly and seasonally may be
to be stronger at St. Santin than at Millstone Hill. considered to be related to activity in the lower atmosphere,
including acoustic, tidal, and planetary waves, as well as
meteorological processes. SEerbes and Zhan@1997),
Keywords. lonosphere (lonosphere-atmosphere interac-Forbes(2000, Rishbeth and Mendill§2001), Altadill and
tions; Mid-latitude ionosphere; Modeling and forecasting)  Apostolov(2001), Mendillo et al.(2002), LaStovicka (2009,
Rishbeth(2006 for some recent publications.

Understanding variability in the upper atmosphere from
various aspects, such as characterization, physical causes and
Correspondence td5.-R. Zhang prediction, remains an outstanding problem. As a first step
(shunrong@haystack.mit.edu) toward such understanding, this paper is to characterize and
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quantify the ionospheric variability in electron density and ap, where F10.7p is the average between the daily F10.7 and
plasma temperatures at midlatitudes. Many prior publica-its 81-day average arapis for the previous 3 h. These coef-
tions (seeBradley et al (2004 and references therein) have ficients for F10.7ap and constant terms at each height node
pursued the representation of the variabilityfaf2, hmF2, are determined through a least-square fit for each of the 12
and MUF. In particular, a simple empirical distribution of the monthsx 24 h bins. Then in the second step, they are further
observational data was used to fit to median, upper and lowerepresented by a fully analytical basis function with harmon-
decile values (seBradley et al.2004 andWilkinson, 2004). ics for seasonal and local time changes, and a cubic B-spline
It has also been suggested that the upper and lower quartilegs give twice-differentiable height variations.
be used to avoid the uncertainty in the decile values in the F10.7 anchpare commonly used indices most appropriate
tail of distribution (seeBilitza , 2003 andRadicella 2003. for ionospheric and thermospheric modeling. In particular,
As one of the most powerful ground-based instruments forfrom an ionospheric modeling study using F10.7, E10.7 and
probing the Earth’'s upper atmosphere, an incoherent scatMgll indices based on long-term incoherent scatter radar ob-
ter radar (ISR) directly measures the ionospheric electrorservations over Millstone Hill, it is indicated that the long-
density Ne, electron and ion temperatufiesand Ti, and  term behavior of the three indices are identical in repre-
line-of-sight ion velocity over a broad height range. Since senting ionospheric variations, regardless of altitude, local
the development of ISRs in the 1960’s, long-term observatime, and seasorZhang and Holt2002. K, is a quasi-
tional data sets have been accumulating for various ISR sitekogarithmic index of the 3-hourly range in magnetic activity.
around the worldZhang et al.2005. Long-term ISR ob- apindex is, however, on a linear scale. It seems to us that
servations provide an extremely valuable data source for adap may be better suited to describe our linear assumption be-
dressing significant aspects of ionospheric climatology andween the magnetic activity and ionospheric changes.
variability. The advantages of using this data lie in the broad Our evaluation of the ionospheric variability is based on
height range afforded by the radars and the variety of pathe difference (residual) between individual measurements
rameters it produces. The height variation of the ionospheri@and the corresponding climatological average. The average
electron density variability allows for insight into the rela- is provided by the ISRIM local climatology, and the mea-
tive roles that chemistry and dynamical processes may playsurements are those used for constructing the ISRIM local
and may provide some hints about its origin. Information onclimatology. Here the ISRIM climatology and data were ob-
the plasma temperature variability, together with that for thetained from a specific site only; the regional ISRIM clima-
electron density, is suggestive of changes in the coupling betology, which was derived by combining observational data
tween the ions, electrons and neutrals. In summary, unlikédrom various ISR sites as well as wide coverage experiments,
other studies, this work pays attention to (1) various iono-is not involved. To calculate the ISRIM climatology, F10.7p,
spheric parameters (not just electron density), (2) variationsp, day number of the year, local solar mean time and geode-
in a large height range (not just the F2-peak), and (3) twotic height corresponding to the measurement data are used.
mid-latitude sites with similar geographic but different geo- The difference is squared and goes into the same modeling
magnetic latitudes. system as used to produce the ISRIM climatology, i.e., 1)
In the following sections, we first describe the technique bin data according to local time and month, 2) represent the
used to quantify the local ionospheric variability in the 1S- height variation by a piecewise-linear function, and represent
RIM system with analyses of uncertainty and data distribu-the solar and magnetic dependence using a linear function
tion. We then present results and discuss the local variabilityith F10.7p anchpterms, i.e.,
for Millstone Hill and St. Santin. Further discussionanda .,
summary of this research are given in the last section. Ne=4d,taxfteoxa @)

where f is the normalized F10.7p andthe normalized ap,
andc1 andc; are linear constants), and 3) after the initial step
of least squares fitting the linear coefficients, finally express
the bin/node coefficients using a 3-D basis function with cu-
bic B-splines and harmonics such that Eq. (1) becomes

2 Characterizing ISRIM local variability
2.1 Method

The ISRIM local climatology has been fully described in Pa- ;2 _ 024+ ki x f+kaxa. (2)

per | and is briefly summarized here. We take a two-step ap-

proach. First, the data for each ISR site considered are binne@iherefore, the ISRIM variability is coherent with ISRIM cli-

by month and local time. We select a number of height nodesnatology in terms of the data source and technique used for
and assume a linear change between two neighboring noddsandling the data; the ISRIM climatology deals with a spe-
(i.e., piecewise-linear function for height variation) in this cific physical parameter, while the ISRIM variability deals
first step of data binning. This change is defined by linearwith the mean squared difference of a physical parameter
coefficients, and they are assumed to be linear in the solafrom its climatology value. Our results to be discussed in-
activity index F10.7p and magnetic activity index 3-hourly clude the (absolute) variability;, defined as the square root
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Fig. 1. Monthly and height variations of the standard deviation un- Fig. 2. Monthly and height variations of the standard deviation un-
certainty in the noon time climatological value of electron density certainty in the noon time climatological value of electron tempera-
for Millstone Hill. ture for St. Santin.

of the mean squared difference values and the relative or per-
centage variability defined as the absolute variability dividedheight is also needed to properly interpret variations in the
by the climatology values. mean squared differences.

As the climatological values are used for the variability
estimate, it is worth examining the uncertainty in the clima-
tology values. Now we look at the standard deviation of the
fitting that occurs in the first step to obtain bin coefficients in

e constant, solar activity and magnetic activity terms (i.e.,
prior to being loaded into the final fit to the 3-D basis func-
tion, see Paper I). Figure 1 shows results of uncertainty in
%eight versus month in the midday legelectron density

2.2 Uncertainty analysis

As in the ISRIM climatology, the ISRIM variability for a
given bin is expressed in three terms, a background term,
linear term for solar activity dependency and a linear term for
magnetic activity dependence. Any non-linearities will con-
tribute to the background term as second order effects. Th
backg_round term, varylng_wnh dl_fferent bins with specific [Nel=logio(Ne m-3)] for Millstone Hill. The uncertainty
local time, month, and height, arises mostly from the day-. . S

) . L . . is rather small, well below 0.1 lqg(N€) units which is the
to-day ionospheric variability that is presumably not linearly

associated with solar and magnetic activities. Due to the SiZ(l',‘OW limit of the absolute variability oNel (to be discussed

of the bins, i.e., 1h in local time, 3 months in season, and” the next section). The uncertainty is slightly larger below

25-50 km in height (in the region of 200-500 km that we are.200 km where relatively less amount of data is availabke.

interested in), the variability within the bin also contributes :asv:gg:}et \é?]ﬁblee?gletc)sogorﬂ?\x,grwlthhe':uln%;gﬁff I?fz,s
to our results. Typically, for a given bin there are a few hun- 9 : ' ’ y

. . ven for St. Santin which has less amount of data available
dreds of data points for St. Santin, and a few thousands o . : . .
. ) han Millstone Hill, are less than 4K (Fig. 2), meanwhile,
data for Millstone Hill.

. . L . the absolute variability iffe (to be discussed below) is nor-
_V\/_e can e_st|mate _the |0nospher|c_ climatological _changema”y above 150K. The uncertainty irTi (not shown) has an
W'th'.n this bin by. using the I.SRIM cllm_atology. For |r_1t.er— maximum of 15-20K, and are about 10—28 lower than
medlate_solar activity and quiet _magnetlc_actlwty conditions, the absolute variability.
at an altitude of 300 km over Millstone HilNe changes 1-
6% within 12£0.5 LT, being smallest in winter. For seasonal  Other than that from the climatological values, the uncer-
trends in 3 months, thile change can be as small as 5% in tainty in the derived variability arises also from binning ac-
winter and up to 15-45% in equinox-summer transition peri-cording to local time, season, and height and from fitting to
ods wherNepasses through annual maximum and minimum.the three terms. It is found that, for Millstone Hill data, such
Ne changes in height can be somewhat more significant esa uncertainty for midday is estimated as around 0.002-0.01
pecially near the F2-peak. Therefore, it is important to havefor Nel, 15-40K for Te, and 5-25K for Ti, corresponding to
an approximate climatological model so that seasonal and alpercentages of the background deviatior£6 for Neland
titude changes can be well reproduced. The use of the basiEi and<10% for Te The uncertainty is larger for St. Santin
function to represent the variability change with season andvhere less observational data are available.
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Fig. 3. Percentage distribution of the midday deviation from cli- Fig. 4. Same as Fig. 3 but for ion temperature.

matological values for electron density in January over Millstone

Hill. The horizontal axis is in units of logy(Ne, m~3). Three pan-

els are for three altitudes, i.e., 450 km (top), 350 km (middle) and |on temperature is more symmetric (Fig. 4). The stan-

250 km (bottom). Also marked in the figure is the total percentagedard deviation of the deviationTi is between 130-178,

occurrence for the deviation within 1 standard deviation unit. larger for higher altitudes. However, the percentage occur-
rence for the deviation withint1X is slightly higher than
that for ANel, and changes little with altitude. The standard

2.3 Distribution deviation of the deviatiomTe is between 215-33& and

increases with height. The percentage occurrence\fte

within 1% is around 70%, less than fa&tNelandATi. The

The distribution of the data deviation from climatological o .
dependency ofeon solar activity is a complicated one. At

values carries important information on the variability. With midlatitudes, it is mostly anti-correlated witefor high so-

ap in a range of 0-30 but no limitation on F10.7, Fig. 3 lar activity. At low solar activity, however, it tends to be pos-

gives the quiet time distribution of thidel deviation ANel .
for three altitude ranges around noon in January. The dislt'vely correlated to F10.7 (séghang and Holt2004 Zhang

tribution is normalized to the number of occurrence at theet al, 2009.

mean (climatological) value level. The horizontal axis is in

the unit of standard deviation ckNel. We see the quiet 3 Results: midlatitude variability

time standard deviation3]) of ANel, arising mostly from

solar activity variability, is around 0.20 around noon. The Our discussion will focus on midlatitude sites, Millstone Hill
majority of the deviation is within 2 [0.4 logio(N€) unit]. and St. Santin. It should be noted that with an invariant lat-
At lower altitudes, 77% data are withiilx, and that per- itude of 53, Millstone Hill is closer to subauroral latitudes
centage decreases at higher altitudes, suggesting a higher déxat differ from typical midlatitudes in terms of effects of
gree of data spread. The distribution shape is approximatelglectric fields and particle precipitation under the influence
Gaussian though with longer tails, and at lower altitudes, theof magnetospheric processes. Variability changes with so-
distribution is somewhat skewed toward more negative val-ar activity, season, local time, and height, however, this pa-
ues. This perhaps is a result of the nonlinear dependency gfer will not address local time variation but height, seasonal
the electron density on the F10.7 index (see Paper | and refand solar activity variations for the midday. We note that the
erences therein). The F2-layer electron density tends to inquality of ISR data and the data availability maximize near
crease with F10.7 at a smaller rate for very large F10.7 valuesnidday.

as compared to the rate for intermediate and low F10.7 val-

ues, therefore, if a linear relationship betwéési and F10.7

is assumed\el may be slightly overestimated for some con-

ditions.
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3.1 Background variability Te: Jan (Ap:0-30)

As mentioned above, our variability for a given time, 2=333.19 70% within £1%
0.3} 450+25km- - - 12+1LT

season and height is expressed in the form of Eq. (2),
o?=02+k1x f+koxa wherek;, andk, are linear constants
andoy is the background variability which is presumably in-
dependent of solar and magnetic activities (but with possi-

ble second order effects from them). We now examine vari- 8 ¥=306.53 70% within +1X
ous changes in,. The percentage variability is the absolute g 0.37 350+25km- - 1241LT
variability divided by the ISRIM climatology (i.eas/mean). S 02
These results are shown in Figs. 6-8. From Fig. é\ek we g o1
can see following features: © .0

. —— . — . = 0, ithi
— Variabilities for both sites are similar in the season 0.3 2250%112‘;'3%1 , 70A’V‘Qt2|3_r"11|_jf12

versus height variation pattern as well as in the mag-
nitude of the variability. The absolute variability,

is 0.1-0.2 [or 25-58% inNe estimated based on
3NeklogioNe— log;gNey=logio(NeNep)], and the per-
centage variability 4,/Nel) is less than 2%, both vari-
abilities are in phase. Te deviation ()

the F2-peak; the variability tends to increase with height
within the height range concerned in this study, 200—

400 km; heights above the F2-peak. In summary, at low altitudes
where photochemical influences are stronger and the day-
to-day thermospheric temperature and composition are less
variable, the variability is low; at high altitudes where scale
height effects are significant, the variability is high.

There are also clear seasonal variations in the variability.

Variations of the F2-layer electron density at mid-latitudes It is relatively high in equinox seasons probably because of
are controlled by chemical processes and dynamical prothe summer-winter transition of the thermosphe&eslibeth
cesses which include contributions of diffusion, winds andand Mendillg 200]). It is also noted that the photochemical
electric field induced ion drifts. Photochemical and diffusion time constant in summer is much shorter than in winter so it
processes are associated with neutral atmospheric tempertkes much less time for the ions in the bottomside to reach
ture and composition. These thermospheric changes are slot€ir chemical balance.
to settle and they are expected to have a low level of variabil- Figure 7 shows the variability fofe. We can see that
ity during quiet geomagnetic conditions, besides the reguthe variability at both sites is around 150-480for oy, or
lar climatological changes in local time, seasonal, and solab—20% foro,/Te. It increases markedly with height, espe-
cycle, because the temporal and horizontal spatial scales dfially in the topside. At Millstone Hill, the absolute and rela-
variations tend to be greaRi{shbeth 1998, so they tend to  tive variabilities peak in spring and autumn, and minimize in
keep the ionospheric electron density stable. Photoionizasummer. At St. Santin, the seasonal peaks in equinox do not
tion is strongest in the F1-region, and it decreases dramatishow up, rather, there is a single minimum in the summer-
cally with height; the ions are recombined and lost in a timeautumn period. In the bottomside, the variability tends to be
constant of about 30 min for around 250 km, and 60 min forsmaller than in the topside over the entire year. A marked
270-290 km at intermediate solar activity. Effects of dynam-minimum appears to be formed in the percentage variability
ical processes for time scales shorter than this can be mani/Te at 250 km or slightly below it in summer for the two
fested, but longer time scale fluctuations are largely maskegites.
by the photochemical-diffusion determined variations. Figure 8 shows corresponding results far Variability

In the topside, since the photochemical time constant igpatterns in the absolute value and in the percentage are sim-
significantly long and the plasma diffusion time constantilar. At Millstone Hill, the variability is around 110-18&
is significantly short, the electron density is controlled, to or 10-20%. It tends to be highest around 200 km and low-
a large extend, by diffusion where the plasma scale heighest around 250 km, and increases above 250 km. It also ex-
plays an important role. Any small fluctuations near the F2-hibits peaks in equinox and a minimum in summer. As is well
peak can grow rapidly at the topside which is a few scaleknown, at about 220 km and below the ions and neutrals are

— Clear annual variations of the variability can be identi-
fied with high values in spring and winter and low val-
ues in summer or earlier autumn. The lowest variability
occurs around 225 km in summer.

www.ann-geophys.net/26/1525/2008/ Ann. Geophys., 26, 182542008
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Fig. 6. Height and annual variations of the midday absolute and percentage variabilitglf¢r;, ando,/Nel) at Millstone Hill (left) and
St. Santin (right). The percentage variability/Nel is defined as the absolute variability divided by the ISRIM climatological value. Dots
give the height of the F2-peak determined by the ISRIM climatology.

in close thermal contact such tRatapproximated n; around Some of the differences in the ion temperature variability
250 kmTi may be close to the exosphere temperature. Therebetween the two sites may be explained in terms of differ-
fore, the ion temperature variability below 250 km should be ences in magnetic latitudes. lon temperature variability tends
very close to the neutral temperature variability, which is low to increase with geomagnetic latitudes from mid-, subauro-
for a mid-latitude site. ral to auroral latitudes. At Millstone Hill, for example, the

At St. Santin, however, variabilities are different from friction heating due to ion-neutral collision can become large
those at Millstone Hill, except for the common feature of for conditions of high ion drifts/electric fields as a result of
the summertime minimum in the seasonal variation. The abthe auroral zone expansion or electric field penetration. Cer-
solute and the relative variabilities iFi (o5, ando,/Ti) are  tain types of particle precipitation may take place as well to
only one half Millstone Hill values. They are not particularly give rise to the enhanced ion temperature. These extra heat-
high at lowest heights compared to Millstone Hill. Instead, ing is more significant at low altitudes from the low F-region
there exist a striking spring maximum and a summer mini-through the E-region. The higher background variability at
mum from 200—-400 km. The minimum variability at 250 km 200 km for Millstone Hill may be resulted from these heating
shown at Millstone Hill tends to be less clear, especially, in activities.

spring.

Ann. Geophys., 26, 1523537 2008 www.ann-geophys.net/26/1525/2008/
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Fig. 7. Same as Fig. 6 but fofe.
3.2 Solar activity induced variability above. The relative change in the climatolayy/C;, is the

percentage of climatological chan§€ over the background

Next, we discuss effects of solar activity on the variabil- C|imato|ogycb (The ISRIM C|imato|ogy is also expressed in
ity. Increased solar flux gives rise to enhanced photoion-three terms: background, solar and magnetic activity compo-
ization, which normally has a maximum in the Fl-region, nents, in a similar fashion as in the ISRIM variability). As a
and enhanced heating by photoelectrons. This also producegsult of F10.7 increasing by 50 units, the climatologidal
changes in the neutral atmosphere temperature and composihange increases with height for the two sites. In summer,
tion, therefore causing ionospheric effects. We now examinghe response is minimum at Millstone Hill. Since the annual
results of changing F10.7 by 50 unit#~10.7=50) from 135  minimum ofNelbackground climatological variatiddel, is
(intermediate) to 185 (high) solar activity conditions. This in summer, the absolute climatological chanégelin sum-
is the F10.7 term in the variability formula (21 x f. Note  mer should be minimum to make the percentadéel/Nel,
that, according to our definitioig x f can be either positive  minimum. TheseNel, and Nel minima are due to the ef-
or negative. fect of low O/N, which gives rise to the low F2-peak density,

Figure 9 compares the relative change of climatologicalleading to low electron density in the entire F-region as a re-
values with that of the variability. The relative change in sult of diffusion. The somewhat different seasonal pattern for
the variability (k1 f)/op] is the percentage of the change St. Santin is probably because of the difference in the;O/N
3(k1f) over the background variability;, as discussed

www.ann-geophys.net/26/1525/2008/ Ann. Geophys., 26, 182542008
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Fig. 8. Same as Fig. 6 but foi.

effect which is longitudinally dependenRishbeth 1998. flux gives rise to more photoelectrons which heat the ambi-
Nevertheless, when the solar activity turns from intermediateent electrons and ions at a rate proportional to the plasma
to high, the change dflel is normally <4%. This may be density; meanwhile, the increased electron density due to
within 10% for changes from solar minimum to maximum. the enhanced solar flux leads to an enhanced electron cool-
Changes of the variability (k1 1) /o, responding to the ing rate through Coulomb collisions which is proportional
F10.7 increase are very different. Although the climatologi- to Ne?. The actual response @kto a change in the solar
cal change is less than 4%, the variability change can be conflux is a result of these two competing processes, in addi-
parable with the background variability. Below the F2-peak, tion to effects of heat conduction at high altitudes, and also
especially in summer, the variability is negative (reduced);depends on the level of backgrouN& The climatological
above the peak, the variability is positive (enhanced); nearesult at Millstone Hill is mostly a negative responseTef
the peak, the percentage change of the variability is little. Itto the F10.7 increasék10.7=50), except for summer when
is very interesting to note that for below the F2-peak, espe-backgroundNeis low andTeincreases. At low altitudeSe
cially, around 230 km, the background variability is nearly increases with F10.7 due to the strong influence of the neu-
cancelled at high solar activity so that the overall variability tral temperature. The variabiliB(k1 f), however, tends to be
is very small. negative to decrease the overall variability in general as a re-
Figure 10 provides results arranged in the same fashion asult of the F10.7 enhancement (positive only at high altitudes
in Fig. 9 but for electron temperature. An enhanced solarin summer). At Millstone Hill, the largest decrease appears
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Fig. 9. Height and annual variations of F10.7 index effects on the ISRIM climatology (upper panels) and variability (bottom panels) for the
middayNel at Millstone Hill (left) and St. Santin (right). The climatological results are percentage changes due to an F10.7 increase of 50
units. The variability results are changes of the variability divided by the background variability. Negative change of the variability indicates

the decrease of the variability. Dots give the height of the F2-peak determined by the ISRIM climatology.

to be around 250 km in summer, corresponding to thitén  generally uniform in its annual variation, being 10-20%, and
but with a lower altitude as shown in Fig. 9. At St. Santin, is high around 275-350km. The change of the variability
the variability weakens near the F2-peak height. Therefore§ (k1 f)/op as aresult of the F10.7 increase is largely negative
near the F2-peak, the variability is small. In generalTee for Millstone Hill, indicating the solar activity induced vari-
variability tends to decrease for conditions of high electronability cancels the background variability to give the reduced
density (near the F2-peak or in winter and equinox), and in-overall variability. There is a slight increasedtky 1) /o;, in
crease for conditions of low electron density (in the topsideautumn; below 230 km, it is large in autumn. The variabil-
or in summer). ity in St. Santin exhibits a different behavior from Millstone
Hill: the percentage chang®k1 f)/o} is much larger, be-

lon temperature normally has a simple linear correlationing over 80%. This is due to the larger valuesscky 1)
with the solar activity. The ions are heated by ambient elec{3—-4 times the Millstone Hill values; figures not shown) and
trons and cooled by neutrals. As shown in Fig. 11, the perthe smaller background variability, (see Fig. 8), such that
centage change in the climatology value over the climatologi-the two types of variability are comparable. Furthermore,
cal background as a result of the F10.7 increase by 50 units is

www.ann-geophys.net/26/1525/2008/ Ann. Geophys., 26, 182542008



1534

Climatological % changes, 6F107= 50

400

350
€
X
= 300
2
(]
ey
250
200
1234567 8 9101112
Te: Millstone Hill
Variability % changes, 6F107= 50
400
350

height (km)
w
o
o

250

200 AN li

1234567 8 9101112
Month

Fig. 10. Same as Fig. 9 but fofe

S.-R. Zhang and J. M. Holt: lonospheric variability

Climatological % changes, 6F107= 50
407

350

250

200 B—— : —
1234567 89101112
Te: St. Santin

Variability % changes, 6F107= 50
400

350
300

250

200

1234567 8 9101112
Month

in the broad height range up to 350 km, the solar flux in- mentioned earlier. The upper panels of Fig. 11 indicates very

duced variability increases, adding to the overall ion temper-similar responses of tHE climatology to the F10.7 increase,

ature variability. It seems that at Millstone Hill, the back- not only in the general pattern but also in the quantitative

ground variability is larger and the effects due to solar flux sense. This is largely a result of the energy balance for the

changes are more likely secondary. At St. Santin, the solafons interacting with neutrals and electrons; in the F-region,

flux induced change enhances the overall variability and isin particular in the bottomeside of the ionosphefe fol-

very much comparable with the background one. In otherlows Tn closely. In terms of variability, however, it is much

words, the St. Santiii variability experiences stronger so- larger inTethan inTn, so variability inTe contributes signif-

lar flux influence while the Millstone HillTi variability is icantly to that inTi. In fact, the efficiency of electron heating

largely caused by the background variability, which includeseffects, which is proportional th€?, depends strongly on

all those not directly dependent of solar and magnetic activi-the level of electron densityNe is lower at Millstone Hill

ties as the first order effect. than at St. Santin during most months of the yedrang et
This difference in the relative contribution of solar activity @l 2004, and this difference increases with solar activity.

effects to the overall variability iffi may be also associated ThereforeTiis generally less sensitive to variability Treat

with the difference in electron density between the two sites Millstone Hill than at St. Santin, and this situation is more

This is in addition to possible extra heating sources at subau€vident under high solar activity conditions.

roral latitudes which enter into the background variability as
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Fig. 11. Same as Fig. 9 but fofi.
4 Discussion and summary the background variability and the solar activity induced vari-

ability.

lonospheric climatology and variability studies are con-  Qur discussions are not directly associated with effects due
ducted using long-term incoherent scatter radar (ISR) obsefto magnetic activity. Due to the relatively simple approach of
vations from 7 sites around the world. These studies result irepresenting magnetic activity effects, quantifying these ef-
an empirical model system, ISR lonospheric Model (ISRIM), fects is still a complicated and challenging issue, and we can
which describes local and regional ionospheric climatologynot totally rule out their possible contamination of our re-
and variability of the ionosphere. sults. It should be noted, however, the majority of our data,

This paper deals with the ionospheric variability in elec- especially, for St. Santin, are from low and intermediate mag-
tron density, ion and electron temperatures at midlatitudesetic activities, and it seems unlikely that our results are se-
(Millstone Hill and St. Santin). The variability is defined riously biased. Seasonal variations of the variability shown
as the deviation between data and ISRIM climatological val-in studies on the maximum electron densMy,ax by Rish-
ues, or specifically, the square root of the mean squared datdoeth and Mendillo(2001) revealed, for subauroral sites, a
model difference. It is assumed that the squared differenceveak annual variation with greater variability in winter than
can be expressed in terms of background, solar activity anéh summer, however, being masked by the double peaks in
magnetic activity contributions, each of which is local time, spring and autumn. The double peaks are obviously related
season and height dependent. We have discussed results tof the magnetic activity, since they included data from both
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