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[1] We statistically analyze the ionospheric scale heights in the lower topside ionosphere
based on the electron density (N,) and temperature profiles observed from the incoherent
scatter radar (ISR) at Arecibo (293.2°E, 18.3°N), Puerto Rico. In this study, a database

containing the Arecibo ISR observations from 1966 to 2002 has been used in order to
investigate the diurnal and seasonal variations and solar activity dependences of the
vertical scale height (VSH), which is deduced from the electron concentration profiles
defined as the value of —dA/d(In()V,)), and the effective scale height (H,,,), which is defined
as the scale height in the Chapman-« function to approximate the N, profiles. As a
measure of the slope of the height profiles of the topside electron density, the derived VSH
and H,, show marked diurnal and seasonal variations and solar activity dependences.
Their features are discussed in terms of thermal structures in the lower topside ionosphere.
We also investigate the quantitative relationships between H,,, VSH, and plasma scale
height (H,) over Arecibo. The similarities and differences in these scale heights are
discussed. Results suggest that both the contributions from topside temperature structure
and diffusion processes can also greatly control VSH and H,, through changing the

profile shape.

Citation: Liu, L., H. Le, W. Wan, M. P. Sulzer, J. Lei, and M.-L. Zhang (2007), An analysis of the scale heights in the lower topside
ionosphere based on the Arecibo incoherent scatter radar measurements, J. Geophys. Res., 112, A06307,

doi:10.1029/2007JA012250.

1. Introduction

[2] Knowledge of the spatial distribution of electron
number densities or concentrations (V,) in the ionosphere,
especially the height profile N.(%), is very important for
ionospheric scientific studies and empirical modelings as
well as practical applications. During the past decades,
many mathematical functions, such as the Chapman, expo-
nential, parabolic, and Epstein functions, have been pro-
posed to describe the ionospheric height profiles [e.g.,
Bilitza, 2001; Bilitza et al., 2006; Booker, 1977; Rawer et
al., 1985; Rawer, 1988; Di Giovanni and Radicella, 1990;
Stankov et al., 2003, 2007]. It is evident that the scale height
is an inherent parameter in these ionospheric profile func-
tions [Stankov et al., 2003; Belehaki et al., 2006]. The scale
height is one of the important ionospheric characteristics,
due to both a measure of the shape of the electron density
profile and its intrinsic connection to the ionospheric
dynamics, plasma thermal structure and compositions [Luan
et al., 2006; Stankov and Jakowski, 2006b; Webb et al.,
2006]. By studying the behavior of the ionospheric scale
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heights, we may be capable of answering many open
questions in the ionospheric physics, particularly those
related to the ionosphere composition and dynamics [e.g.,
Liu et al., 2004; Luan et al., 2006]. However, the knowl-
edge of the behavior of ionospheric scale heights remains
insufficient, especially in the topside ionosphere.

[3] Moreover, it should be mentioned that there are
various definitions of the scale heights in published liter-
atures. In order to facilitate description, we adopt the
following definitions. The plasma scale height (/) is
defined as H, = kyT,/mig, where k, is the Boltzmann
constant, g is the acceleration due to gravity, m; is the ion
mass, and 7}, is the plasma temperature, equal to 7; + T,
where T} and 7, are the ion and electron temperatures. The
vertical scale height (VSH) is generally defined as the value
of —dA/d(In(N,)), relating to the gradient of the measured N,
profiles [Kutiev et al., 2006]. The effective scale height
(H,y) is defined as the scale height in fitting the N, profiles
with the Chapman-a function. While H, is subject to
theoretical consideration, VSH and H,, are frequently used
in various practical applications [e.g., Huang and Reinisch,
1996; Kutiev et al., 2006; Reinisch et al., 2004; Stankov
et al., 2003]. Strictly speaking, VSH and H,, virtually are
the distribution heights of electron profiles, measuring the
altitudinal dependence of the ionospheric electron densities.

[4] The scale heights in the bottomside ionosphere are
relatively easy to be deduced from ground-based ionosonde
and other measurements. In contrast, the topside scale
heights are derived from the incoherent scatter radar (ISR)
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measurements, topside sounders, and radio occultation
measurements. For example, Kutiev et al. [2006] have
identified the lowest gradient of the Ne profile as O scale
height from topside ionosondes and first applied it to a scale
height model. Kutiev and Marinov [2007] reported new
progress on the scale height modeling. Moreover, Stankov
and Jakowski [2006b] conducted an analysis on the topside
ionospheric scale height, which is retrieved from radio
occultation measurements. Furthermore, Belehaki et al.
[2006] made a comparison of the topside ionosphere scale
height determined by profiles from topside sounders and
bottomside digisonde.

[5] Recently, Huang and Reinisch [2001] and Reinisch
and Huang [2004] introduced a technique to extrapolate the
topside ionosphere based on the information from ground-
based ionograms. They approximated N.(#) around and
above the F2 layer peak (n,F>) by a Chapman-a function
with an effective scale height (H,,) determined at /,,F,. The
ionogram-derived H,, is a kind of measure of the slope of
the electron density profiles in the topside ionosphere. Liu
et al. [2006a] statistically investigated the diurnal, seasonal,
and solar activity variations of H, at Wuhan (114.4°E,
30.6°N). Zhang et al. [2006] reported the diurnal and
seasonal variations of H,,, over Hainan (109.0°E, 19.4°N).
Furthermore, Lei et al. [2005] investigated the seasonal and
solar activity features of H,, derived from the Millstone Hill
ISR observations.

[6(] However, up to now, few works investigate and
discuss the similarities and differences in these scale
heights. Fortunately, the accumulated ISR databases [e.g.,
Zhang et al., 2004, 2005; Tepley, 1997; Isham et al., 2000],
topside sounders [Bilitza et al., 2006], and radio occultation
measurements, which provide an extremely valuable data
source for addressing this issue, are now available.

[7] In this paper, we conduct a statistical analysis on the
diurnal, seasonal, and solar cycle variations of H,,, and VSH
during 1966—2002 from the ISR measurements at Arecibo
(293.2°E, 18.3°N; geomagnetic latitude 30°), Puerto Rico.
The second objective of this analysis is to investigate the
quantitative relationships between VSH versus H, and
VSH versus H, over Arecibo.

2. Data Source and Analysis

[8] The incoherent scatter radar (ISR) is a powerful
technique capable of simultancously measuring the range-
resolved ionospheric and atmospheric parameters [e.g.,
Gordon, 1964; Evans, 1969; Zhou and Sulzer, 1997; Isham
et al., 2000; Zhang et al., 2004], including electron densities
as well as plasma drift and temperature profiles, from the
lower ionosphere up to the topside ionosphere. The reader is
referred to the works of Tepley [1997] and Isham et al.
[2000] for detail information on the Arecibo ISR observa-
tions and Zhang et al. [2004, 2005] and Luan et al. [2006]
for the ISR database description.

[0] In the present analysis, we use the ISR data set
measured over Arecibo from 1966 to 2002, which are
archived in the National Center for Atmospheric Research
(NCAR) Coupling, Energetics, and Dynamics of Atmo-
spherics Regions (CEDAR) database. We analyze all avail-
able data without specifying the measurement modes. These
data have a typical altitude resolution of about 23 km prior
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Figure 1. The distributions of number of mean profiles as

a function of (top) universal time, (middle) the day number
of year, and (bottom) P (in units of 10722 W-m~2-Hz™}).

to 1985 and 37 km in subsequent years. After removing bad
points, the median ISR N,, T, and T; profiles obtained
within every 30-minute interval every day are used for our
analysis. We thus have more than 16,000 mean profiles
from more than 90,000 raw N, profiles in the Arecibo ISR
database. Now we fit every median N, profile within 160—
600 km using a Chapman-« function as described in the
work of Lei et al. [2005] but with a scale height H,,
independent of altitude. Thus the peak electron density
(NmF5), its height (h,F>), and H,, are determined from
the -least squares fitting procedure. Good agreement pre-
vails in most cases, and we discard these profiles when
significant deviations may occur under extreme conditions
although these profiles may represent the actual situations.
On the other hand, the values of VSH are obtained from the
median ISR N, profiles through searching for the lowest
value of —dA/d(In(V,)) at the lower topside. The curvature
of the electron density profile does not allow the determi-
nation to begin from the F layer peak so it starts from an
altitude about 37 km above the peak. Our derivation of VSH
is similar to the methods presented by Kutiev et al. [2006] in
analyzing topside ionosonde measurements and by Stankov
and Jakowski [2006a, 2006b] in analyzing radio occultation
measurements. At the same time, A, and the altitude
gradients of T, and T; (d7./dh and dT7i/dh) at an altitude
of 60 km above the F, peak are also evaluated from the
observed 7; and 7, profiles when they are available.

[10] In this study, P = (Fi197 + Fio7a) / 2 (in units of
1022 W-m~2-Hz~!) is used as the solar activity proxy.
Here Fo7 is the 10.7-cm solar flux index on the current
day and Fig74 is the 81-day average of Fjy; centered on
the current day. It was indicated by Liu et al. [2006b] that
P, which was adopted by Hinteregger et al. [1981] and
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Figure 2. Diurnal and seasonal variations of (left) VSH and (right) H,, for two solar activity levels
(P> 140 and P < 140 x 1072> W-m 2-Hz ). Here P = (Fyo7 + Fio74) / 2, where Fjo7 is the 81-day
running mean of daily F¢7 index. Lines with bars represent the half-hourly median values of VSH and
H,, and the corresponding upper and lower quartiles, respectively.

Richards et al. [1994], can better represent the intensities of
solar extreme ultraviolet (EUV) fluxes than Fy;. Further-
more, Zhang et al. [2004] found that the correlations of
Millstone Hill N, T, and T; with different F';o; values (for the
current day and some days earlier) are really not significantly
different. Thus we opt to the current day’s P for the solar
activity proxy in the following statistical analysis.

[11] Figure 1 shows the distributions of the number of
mean profiles as a function of P, day of year (DoY), and
universal time (UT), indicating that the data are uniformly
distributed in UT and DoY. The number of mean profiles
available for P < 140 is comparable to that for P > 140, thus
we split data into two categories at solar activity levels with
P > 140 and P < 140, respectively.

3. Results

3.1. Seasonal and Solar Activity Variability of VSH
and H,, Over Arecibo

[12] VSH and H,, over Arecibo are derived from the
median ISR N, profiles within 30-minute intervals for each
day when measured profiles are available. Figure 2 shows
the median values of VSH and H,,, which are binned
according to universal time at two solar activity levels (P >
140 and P < 140, respectively) in four seasons. Vertical bars

in Figure 2 depict the corresponding upper and lower
quartiles values to show the deviations from the averages.

[13] Over Arecibo, as illustrated in Figure 2, VSH and H,,
have distinct diurnal variations in four seasons. The median
values of VSH and H,, are generally higher for P > 140 than
that for P < 140; that is, VSH and H,, have solar activity
dependency. There are two peaks in the diurnal variations of
VSH and H,,, one in the early morning and another one
located in the afternoon to the evening sector. After the
morning peak, VSH and H,,, descend. Next, they approach a
minimum at 6—8 LT and rise again, reaching maximum in
the evening. Later they tend to decrease again till midnight.
In summer, the first peak shifts to later time. Moreover, the
sunrise descent is marked in spring and autumn and most
intensely in winter, while the trend during this time is
opposite in summer. In the morning, the values of VSH
and H,, are highest in summer and lowest in winter; while at
rest time, the seasonal variation is less distinct.

[14] For the daytime, the yearly variations of VSH and H,,,
over Arecibo (higher values in summer) are consistent with
the radio occultation results of Stankov and Jakowski
[2006D]. It should be noted that the data sources are from
different measuring techniques and the scale height pre-
sented in Figure 16 in the work of Stankov and Jakowski is
actually H, having values half of this of ISR VSH. However,
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Figure 3. Scatterplots of (left) VSH and (right) H,, versus P ( 1072*> W-m 2-Hz ) around local noon in
four seasons. The solid lines show the trend of the linear regression.

in the study of Liu et al. [2006a], the features in VSH and H,,
are not as distinct as the ionogram derived H,, over Wuhan
and other locations. Moreover, a distinct yearly annual
variation is presented in global H,, with a maximum in
summer during the daytime. The discrepancies may possibly
be due to different data sources. Furthermore, the ionogram
derived H,, in the work of Liu et al. [2006a] is estimated only
from the bottomside profiles, while here we use ISR N,
profiles with both the bottomside and topside information.
[15] The geomagnetic disturbance effects on the iono-
sphere are well known to be complicated and stochastic
[e.g., Liu et al., 2006a; Kutiev et al., 2006; Stankov and
Jakowski, 2006b]. The geomagnetical activity dependences
of VSH and H,, at Arecibo have been statistically investi-
gated with the planetary geomagnetical indices, 3-hour kp
and ap, and the daily Kp and Ap. Similar to the geomagnet-
ical activity dependences of H,, over Wuhan [Liu et al.,
2006a], although individual VSH and H,, may greatly
deviate from the average pattern under disturbed situations,
the statistical relationship between these geomagnetical in-
dices and VSH or H,, are not significant and with a low
correlation coefficient (figures not shown here). This feature
can also be inferred from Figures 3 and 4; the trend of data
(with plus symbols (+)) under geomagnetically active con-
ditions (AP > 20) is similar to that (with dot symbols *-*)
under quiet to moderate conditions (AP < 20). It implies
complicated dependences of VSH and H,,, on geomagnetic

activity and insignificant differences in the median values of
VSH and H,,, whether or not the geomagnetic conditions take
into account. Thus, we can ignore the geomagnetical activity
effects in our further statistical analysis.

[16] Figure 3 shows the solar activity dependences of
VSH and H,, around local noon and Figure 4 for VSH and
H,,, at midnight in four seasons. In these figures, data under
AP > 20 are plotted with plus (+) symbols. It also indicates
that possible influences of geomagnetic activities do not
systemically deviated the solar activity dependences of
VSH and H,,. An evident feature illustrated in Figures 3
and 4 is that the overall trend of VSH and H,, linearly
increases with respect to P. With increasing P, both VSH
and H,, evidently tend to be higher. This feature is more
significant than that derived from radio occultation meas-
urements [Stankov and Jakowski, 2006b]. Another very
interesting feature is that H,, shows a stronger correlation
with P than VSH; for example, winter noon » = 0.28 for
VSH and r = 0.72 for H,, (see Figures 3 and 4).

[17] In order to quantitatively study the solar activity
dependences of VSH and H,, we calculate the slope or
the increase rate of VSH and H,,, with the solar flux index P,
dVSH/dP and dH,,/dP. dVSH/dP and dH,/dP is a measure
of the response of VSH and H,, to solar activity. Figure 5
demonstrates the values of calculated dVSH/dP and dH,,,/dP
against local time in four seasons. It is seen that the solar
activity sensitivities of VSH and H,, also undergo appre-
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ciable local time changes. The feature of both rates is
generally similar with each other; that is, the values of both
dVSH/dP and dH,/dP present a post-midnight increase,
follow a sharp decrease, and reach a minimum in the
morning (around 12 UT). After the minimum, the solar
activity responses of VSH and H,,, become more effective
again. dH,,/dP is generally higher in equinoxes and summer
than in winter, which is similar to that over Millstone Hill
[Lei et al., 2005].
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3.2. Diurnal and Solar Activity Variability of H,
Over Arecibo

[18] Figure 6 plots the diurnal variations of H, over
Arecibo in a similar style of Figure 2 for VSH and H,,.
There are distinct diurnal variations in H,, for four seasons
with a higher value during the daytime than at nighttime.
A particular feature of H,, is the dawn and afternoon peaks
with a valley around noon, the morning peak being
stronger.
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Figure 5. Diurnal variations of the rates of VSH and H,, increase with P (1072 W-m~%-Hz ") in four

seasons.
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Figure 6. Diurnal and seasonal variations of plasma
scale height (H),) for two solar activity levels (P > 140
and P < 140). Here P= (F 97 + F197a) / 2, Where Fy 74 is the
81-day running mean of daily Fq; index. Lines with bars

represent the half-hourly median values of VSH and H,,, and
the corresponding upper and lower quartiles, respectively.

[19] According to the definition, H, is directly propor-
tional to the plasma temperature. As far as the temperatures
experience significant changes H, also presents similar
variations. Higher 7, and 7; imply a larger scale height.
The significant morning rise in electron and ion temper-
atures in the F layer, known as morning overshot, is an
important feature of the diurnal variation, as reported
previously from satellite measurements [Bhuyan et al.,
2006; Oyama et al., 1996; Sharma et al., 2005] and ISR
analysis [e.g., MacPherson et al., 1998; Zhang et al., 2004].
This feature is also presented in the first peak in H,, which
is consistent with that of VSH and H,,, except much late in
VSH and H,, in summer. Overall, our results suggest the
diurnal behaviors of VSH and H,,, are much more complex
than that of H,,
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[20] The behavior of the electron temperature is depen-
dent on photoelectron heating and is closely coupled to the
electron density [Lei et al., 2007]. The morning temperature
enhancement is due to photoelectron heating [e.g., Oyama
et al., 1996]. The afternoon enhancement comes from the
balance of heating and cooling. In contrast, the particular
noon valley results from the competition between the
electron heating and cooling processes in the thermal
balance. Although near noon the electron heating has its
greatest value, its effect on the thermal balance is more than
offset by the electron cooling resulting from the higher
noontime electron densities [Su et al., 1995]. As a result, a
lower T appears around noon when V, is high and the electron
cooling is strong. At sunset, 7, decreases [MacPherson et al.,
1998]. As aresult of this cooling, H,, has a lower value during
the nighttime.

[21] Except at a narrow local time interval before local
noon in summer and spring, the median value of H, is
generally larger for P> 140 than that for P < 140; that is, /1,
presents a similar sense as VSH and H,, in solar activity
dependency.

[22] Figure 7 illustrates the solar activity dependencies of
noon and midnight H,, over Arecibo in a similar style of
Figures 3 and 4 for VSH and H,,. In the figure, data under
AP > 20 are also plotted with plus (+) symbols. It further
indicates that possible influences of geomagnetic activities
do not systemically deviated from the solar activity depend-
ences. The overall trend of H,, also linearly increases with
respect to P, being a strong correlation at night and equinox
noon and weaker around noon in summer and winter.

3.3. The Correlation of VSH Versus H,, and VSH
Versus H,,

[23] Scatterplots illustrate in Figure 8 show the relation-
ship between VSH and H,,, over Arecibo. The left panels of
Figure 8 are for the values around noon and the right panels
for midnight, respectively. In general, VSH shows a mod-
erate positive correlation with H,,, with a higher correlation
coefficient during the daytime than that at night.

[24] VSH is expected to be twice of H,, under diffusive
equilibrium. However, according to the regression analysis,
VSH exhibit a linear relation with H,,, with a ratio (VSH to
H,,)) varied from 1.4 to 6. The relationship between VSH
and H,, can be quantified using a linear expression, illus-
trating by the solid line. A dashed line of VSH = 2H,, in
Figures 8 indicates how much the two scale heights deviate.
The corresponding regression equation is listed at each
panel in Figure 8. Coefficients indicate that the relation
between VSH and H,, vary with local time and season.

[25] We have also investigated the quantitative relation-
ships between VSH and H,, over Arecibo. Figure 9 shows
the relationship between VSH and H,, over Arecibo. The left
panels of Figure 9 are for the values around noon and the
right panels for midnight, respectively. The local time
dependence of the correlations between VSH and H,, and
between VSH and H, is shown in the right panels of
Figure 10. In general, VSH shows a moderate positive
correlation with H,, or with H, with a high correlation
coefficient. An exception is found at 05—-07 LT, being a
weaker correlation at that period.

[26] To resolve the local time dependence of the quanti-
tative relationships between VSH versus H;,, and VSH

6 of 11



A06307 LIU ET AL.: IONOSPHERIC SCALE HEIGHTS OVER ARECIBO A06307
Noon Midnight
200 200} r=0.89
El El
= S
= =
100 ] 100
200 200
= =
100 ] 100
200 200
= =
100 ] 100
200 200} r=0.88 R
mg EQ . 0
100 17 100 . '
Autumn . Autumn
100 150 200 250 100 150 200 250
P P

Figure 7. Scatterplots of H,, versus P (in units of 1072* W-m 2Hz ') around (left) local noon and
(right) midnight in four seasons. The solid lines show the trend of the linear regression. The red points
with symbol (+) are for data with Ap > 20 and the dotted points are for Ap < 20.

versus H,,, we present the ratios of VSH to H,,, and VSH to
H,, over Arecibo in the left panels of Figure 10. Lines with
bars represent the moving median values of the ratios and
the corresponding upper and lower quartiles within 2 hours,
respectively. The median ratios of VSH to H,,, have values
about 3.2 by daytime and 2.7 at night; those of VSH to H,,
have values about 0.9 by daytime and 1.3 at night.

4. Discussion

[27] As mentioned above, the scale height is theoretically
defined as H = k,7/mg, where T is the temperature and m is
the mass. According to this definition, the plasma scale
height, H,,, is defined as H,, = k,T;,/m;g. However, in general,
H, is most difficult to obtain and not directly related to the N,
profiles. In practice, the effective scale height, H,,,, is a scale
height in the Chapman-« function to fitting the N, profile.
Moreover, the vertical scale height, VSH, is generally
defined as the value of —dA/d(In(V,)), relating to the gradient
of the measured N, profiles [e.g., Kutiev et al., 2006]. VSH
in this report is approximately deduced as the lowest value in
the topside ionosphere as Kutiev et al. [2006] and Stankov
and Jakowski [2006b].

[28] Considering only the vertical drift and ignoring
the horizontal gradient in the ionosphere, Rishbeth and
Garriott [1969] deduced their equation (431) based on ion
and electron momentum equations. According to the
equation (431) of Rishbeth and Garriott [1969], we have

1 o 1 dNe_l | miVinWp Id(Tj-i-Te)/dh
VSH N, dh H, k(T:+T.) (T+T.)

(1)

Here v;, is the collision frequency of ions with neutrals and
Whp is the vertical diffusion velocity of ions.

[29] Equation (1) illustrates the relationship between VSH
and H,, under the controls of diffusion and gradient terms.
According to equation (1), there are many factors that act to
control VSH. VSH equals to H,, if the topside ionosphere is
in a state dominated by diffusive equilibrium (Wp = 0) and
the altitude gradient of the thermal structure can be ignored.
However, the median ratios of VSH to H}, are about 0.9 by
daytime and 1.3 at night. As we know, the transport
processes become more important in the topside ionosphere.
The dynamics in the topside ionosphere is dominated by
plasma diffusion, in which the topside thermal structure, the
ion composition, field-aligned fluxes, and ion-neutral drag

7 of 11



A06307

LIU ET AL.: IONOSPHERIC SCALE HEIGHTS OVER ARECIBO

Noon
100 =
Winter 1=0.6 .-~
- H _=0.42VSH-12.35, 0
£ " 7 0%
ﬁi g % %080 o
. 50 i .
= ; °%
v g o8 o
®8H°0
100 =
Spring r=0.82 -~
. H =0.32VSH33799,
E ,/'o
=
= 50
T e
’ . © ? o
100 —
Summer r=0.63 .-~ o
_ H _=0.26VSH3%25
g ° e Cq o
=< 2kl » S
= 50 e
an . ¢
100 —
Autumn r=0.82 -~
_ H_=0.37VSH:3753
E ,&' P
6 /3”
E 50 o [
E e

150 200
VSH (km)

100

A06307

Midnight

100 - =
Winter 1=0.47 o 2~

H, =0 26MSH{s79

50

H_(km)

100

H_(km)

100

50

H_(km)

100 >

Autumn r=0.5] .+~

H,=027VSHEK3 18
0d3, 558 ©

50

H (km)

150
VSH (km)

100

Figure 8. Scatterplots of VSH versus H,, at Arecibo around local (left) noon and (right) midnight
during 1966—2002 in four seasons. The solid lines show the trend of the linear regression and the dashed
lines show VSH = 2H,,,. In each panel, the equation lists the fitted linear relationship between VSH and
H,, and r is the corresponding correlation coefficient.

motions caused by neutral winds. For example, investiga-
tions indicated that the movement of the ionosphere due to
neutral winds may be an important cause of the variations of
topside ionosphere [MacPherson et al., 1998; Oyama et al.,
1996; Zhang et al., 2005], and consequently the profile
shape of the topside ionosphere is modified.

[30] As indicated by equation (1), the topside temperature

structure will influence the shape of the electron profile.

Figure 11 shows the diurnal variation of W

four seasons for two solar activity levels (P > 140 and P <
140). As seen in Figure 11, there are significant altitude
gradients (d7,/dh and d7;/dh) in the topside temperature
profiles at the time interval from sunrise to sunset, while it is
negligible during night. This point can also be inferred from
Figure 4 in the work of Lei et al. [2007]. Assume with a
d73/d h+dT./d
(Ti+T.)
will tend to decrease VSH, according to equation (1). This is
consistent with the diurnal features illustrated in Figure 10
and Figure 11.

[31] Besides the contributions from the topside tempera-
ture structure, diffusion process (Wp # 0) can also greatly
influence the shape of topside profile. According to Luan et
al. [2006], the effect of diffusion tends to cause the shape
factor increase by day and decrease at night. It is equivalent
to that the scale height tends to decrease by day and

in

given H,, and other factors be constant, higher

increase at night. Therefore the combined effects cause that,
in general, VSH will deviate from H, or the plasma
temperature.

[32] On the other hand, assume the NV, profiles around the
F-region can be reasonably approximated by the Chapman-
type function,

Ne(h) = NwFaexp{f[l — z — exp(—2)]}, 2)
z=(h—hnF,)/Hpn,

we have

1 S -
VSH ~ H, (1-e7) 3)
Where fis the shape factor [see Luan et al., 2006].

[33] When discussing the differences between VSH
and H,,, equation (3) indicates that VSH and H,, is related
with the profile factor /. VSH is roughly expected twice
H,,,, which is assumed in many previous published papers.
For Chapman-« profile, /= 0.5. Above h,F,, the formula
(if take /= 0.5 and assume z > 1) provides a density
gradient of 2H,,. However, Luan et al. [2006] found that,
over Arecibo, f varies from 0.35 to 0.75 with a daytime
maximum, a nearly constant nighttime value, and a deep
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Figure 9. Scatterplots of VSH versus H,, at Arecibo around local (left) noon and (right) midnight during
19662002 in four seasons. The solid lines show the trend of the linear regression and the dashed lines
show VSH = H,,,. In each panel, the equation lists the fitted linear relationship between VSH and H,, and »

is the corresponding correlation coefficient.
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Figure 10. (Left) Diurnal variations of the ratios of (top) VSH to H,, and (bottom) VSH to H,,. Lines
with bars respectively represent the median values of the ratios and the corresponding upper and lower
quartiles within 2 hours. (Right) Diurnal variations of the correlation coefficients of (top) VSH to H,,, and

(bottom) VSH to H,,.
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Same as Figure 6, but for

morning minimum. The deep morning minimum feature in
the profile factor f'is consistent with the morning peak in the
ratio of VSH to H,, (see the top-left panel of Figure 10).
Moreover, the height where VSH is determined depends on
the composition change in the topside ionosphere; that is,
the relative abundance of hydrogen ions H', or equivalent to
the upper transition level, is a significant factor affecting the
topside density profile [Stankov and Jakowski, 2006a,
2006b]. The upper transition level increases with increasing
P. So the height where VSH is determined changes with P.
Large downward fluxes of H' in the morning hours can
decrease the upper transition levels [Jayachandran et al.,
2004], thereby decreasing VSH and H,,. Therefore it is
easily understood that the ratio of VSH to H,, also change
from 3.2 by daytime to 2.7 at night.

[34] In addition, as a measure of the slope of the topside
electron number density profile, H,, is also a measure of the
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topside thickness of the ionosphere [Gulyaeva, 2007], and
the slab thickness [e.g., Goodwin et al., 1995; Jayachandran
et al., 2004] according to the statistical study of Huang and
Reinisch [2001] on N,,F,, TEC and H,,,, although the values
of H,, the topside thickness, and the slab thickness may be
different from each other. Moreover, since the Chapman
function can well describe the distribution of the electron
density of the topside ionosphere not far away from the
F layer peak, VSH and H,, should have significant values
for future empirical applications [Stankov et al., 2003].

5. Summary

[35] This paper investigates the diurnal, seasonal, and
solar activity variations of the topside ionospheric scale
heights observed at Arecibo. The main results are summa-
rized as follows: This statistical analysis identifies a clear
and unambiguous solar activity pattern of VSH, H,,, and H,,
over Arecibo; that is, these scale heights tend to a higher
value with increasing solar flux. Moreover, VSH and H,, at
Arecibo have appreciable diurnal, seasonal variations. The
diurnal behaviors of seasonal median VSH and H,,, under
both solar activities are found to be similar. Median values
of H,, are highest in summer and lowest in winter during the
daytime. At nighttime, H,,, exhibits a much weaker seasonal
variation. Overall, our results suggest the diurnal behaviors
of VSH and H,,, are much more complex than that of H,,.
VSH is not so tightly correlated with the plasma tempera-
ture or H,, as originally expected.

[36] The similarities and differences in these scale heights
are discussed in terms of thermal structures in the lower
topside ionosphere. Combined investigations made by Luan
et al. [2006] and our results suggest that both the contribu-
tions from topside temperature structure and diffusion
processes can greatly control VSH and H,, through chang-
ing the profile shape.
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