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Abstract—Geomagnetic activities frequently occur in varying degrees. Strong geomagnetic activities,
which have been widely investigated, occur occasionally; they can cause distinguishable and significant
disturbances in the ionosphere. Weaker geomagnetic activities frequently appear, whereas their effects
are generally difficult to be distinguished from complex ionospheric variations. Weaker geomagnetic
activities play important roles in ionospheric day-to-day variability thus should deserve further attention.
In this study, long-term (longer than one solar cycle) measurements of the F,-layer critical frequency
(f,F») were collected to statistically investigate ionospheric responses to weaker geomagnetic activities
(Ap < 60). The responding trends of low- to high-latitude f,F, to increasing geomagnetic activity are
presented for the first time; they are statistically evident. Both increasing and decreasing trends can occur,
depending on latitudes and seasons. The trend gradually transits from high-latitude decreasing trends to
equatorial increasing trends with decreasing latitude, and this transition is seasonally dependent. As a
result, the trend has a seasonal difference at mid-latitudes. The responding trend is generally more distinct
at higher latitudes and in the equatorial region than at mid-latitudes, and the responding intensity is largest
at higher latitudes. Although theoretically, geomagnetic activities can disturb the ionosphere through
multiple mechanisms, the morphology of the trend suggests that the frequent weaker geomagnetic activities
modulate the high- to low-latitude ionosphere mainly through disturbing high-latitude thermospheric
composition and further altering the thermospheric background circulation.
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1 Introduction field measurements to estimate the strength of the energy
deposition. Geomagnetic activity indices have been widely used
for space physics studies and space weather applications.
Strong geomagnetic activities, which manifest as intense
variations of geomagnetic activity indices, usually result in con-
siderable disturbances in the global ionosphere, i.e., ionospheric
storms. Ionospheric storms have become a very active topic and
have been widely investigated since they were discovered
(Anderson, 1928; Hafstad & Tuve, 1929), owing to their
remarkable influences on the space environment. Many distur-
bance processes were suggested to be responsible for iono-
spheric storms, such as storm-time changes in high-latitude
particle precipitation and plasma convection, thermospheric
composition, neutral winds, and ionospheric electric fields.
"Corresponding author: chenyd@mail. iggeas. ac. cn The combined effects of these disturbance processes make

The ionosphere closely couples with the magnetosphere and
solar wind, it can be significantly disturbed when the energy
from the magnetosphere and solar wind deposits into the
high-latitude ionosphere and upper atmosphere. In general, this
energy deposition is very frequent, usually weaker while occa-
sionally strong. Accompanying this energy deposition, the space
current system, including ionospheric current, is disturbed. As a
result, the magnetic field measured on the ground is disturbed,
and the disturbance degree is positively related to the energy
deposition. Thus, various geomagnetic activity indices (e.g.,
Mayaud, 1980) were developed from ground-based magnetic
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ionospheric storm changes very complicated. Ionospheric
disturbance morphologies during different storm events may
be very discrepant, while statistically, there were some regular
features. These have been well summarized in some review
papers (e.g., Prolss, 1995; Buonsanto, 1999; Mendillo, 2006;
Danilov, 2013).

Compared with the ionospheric storms, weaker geomagnetic
activities occur very frequently, while ionospheric responses to
weaker geomagnetic activities were much less investigated. One
reason is that it is usually difficult to distinguish the effects of
weaker geomagnetic activities from the complex ionospheric
day-to-day variability caused simultaneously by solar irradiance,
geomagnetic activities, and waves from the lower atmosphere
(e.g., Forbes et al., 2000; Rishbeth & Mendillo, 2001; Mendillo
etal., 2002). Moreover, unlike ionospheric storms dominated by
separated major geomagnetic disturbances, the frequent occur-
rence of weaker geomagnetic activities (as shown in Fig. la
for an example) makes it very difficult to distinguish the effects
of different disturbances. Even so, the effects of weaker
geomagnetic activities can be identified under some particular
conditions. The corotating interaction regions associated with
solar wind high-speed streams can cause recurrent geomagnetic
activities with weak-to-moderate strength (e.g., Gonzalez et al.,
1999; Tsurutani et al., 2006a, 2006c). Geomagnetic activity can
enhance and then decline for days repeatedly during recurrent
geomagnetic activity periods, which may result in the quasi-
periodic ionospheric disturbance. This periodic disturbance
can be identified from the complex ionospheric day-to-day
variability (e.g., Lei et al., 2008; Pedatella et al., 2010; Tulasi
Ram et al., 2010; Wang et al., 2011) if it is not synchronous
with other ionospheric disturbances induced by other factors.
Solar activity was very low, so solar irradiance was relatively
steady during the 2007-2009 deep solar minimum, which
increases the importance of geomagnetic activities to iono-
spheric day-to-day variability thus is propitious for detecting
the effects of weaker geomagnetic activities. Buresova et al.
(2014) analyzed the effects of a set of weaker geomagnetic dis-
turbances on the mid-latitude ionosphere during the 2007-2009
deep solar minimum. They found that the effects of weaker geo-
magnetic disturbances during that period were compared with
those of stronger storms under higher solar activity conditions,
with the prevalence of positive ionospheric disturbances. Chen
et al. (2014a) reported that day-to-day variations of the global
electron content were well positively correlated with the Ap
index during 2007-2009. This positive correlation implies that
as far as long-term ionospheric variation is concerned, the more
declining geomagnetic activity in 2007-2009 than during previ-
ous solar minima (e.g., Chen et al., 2011) may contribute to the
decreasing electron density in that period to some extent.
Solomon et al. (2013, 2018) and Emmert et al. (2017) investi-
gated the contribution of the declining geomagnetic activity
during 2007-2009 to the decrement of globally averaged elec-
tron density.

Although ionospheric responses to weaker geomagnetic
activities under those particular conditions, such as recurrent
geomagnetic activities and the deep solar minimum, have been
analyzed, it is still a challenge to directly identify the effect of
ordinary weaker geomagnetic disturbances on the ionosphere
from observations. That effect frequently acts on the ionosphere
and is an important contributor to ionospheric complex variabil-
ity; it should deserve further investigation. In this study,
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Fig. 1. (a) A segment of the 3-h ap index showing frequent
occurrence of weaker geomagnetic activities; (b) time series of the
daily Ap index; (c) percentages of different geomagnetic activity
levels indicated by Ap ranges.

long-term 1ionosonde measurements covering geomagnetic
low- to high-latitudes were collected to statistically analyze
the responses of the F>-layer critical frequency (f,F>) to weaker
geomagnetic activities, instead of case analyses. The responding
trends of low- to high-latitude f,F, to increasing geomagnetic
activity were obtained for the first time after carefully removing
the contributions of the factors such as varying solar irradiance
and background seasonal variations. Figure 1b shows the time
series of the Ap index, and Figure lc presents the percentages
of different Ap ranges to examine the distribution of geomag-
netic activity. It can be seen that Ap changes very frequently
and is mainly at the level of tens. In this paper, the weaker geo-
magnetic activity refers to the level of Ap < 60. It should be
noted that the used data are mainly at the geomagnetic activity
level of Ap < 30 (as shown in Fig. 1c).

2 Data analysis method and results

In view of the difficulty of distinguishing the effects of
separated weaker geomagnetic disturbances from ionospheric
day-to-day variability, we statistically analyzed ionospheric
responding trends to weaker geomagnetic activities using
long-term f,F, data measured by ionosondes. These ionosondes
are mainly in the East Asia—Australia longitude sector and
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Table 1. Information of the ionosonde stations and data.

Station name Geographic location

Magnetic latitude

Year coverage of data

Dikson 80.4° E, 73.5° N
Norilsk 88.1° E, 69.4° N
Yakutsk 129.6° E, 62.0° N
Petropavlovsk 158.7° E, 53.0° N
Irkutsk 104.0° E, 52.5° N
‘Wakkanai 141.7° E, 45.4° N
Kokubunji 139.5° E, 35.7° N
Yamagawa 130.6° E, 31.2° N
Okinawa 127.8° E, 26.3° N
Manila 121.1° E, 14.7° N
Kodaikanal 77.5° E, 10.2° N
Singapore 103.8° E, 1.3° N
Darwin 131.0° E, 12.5° S
Townsville 146.9° E, 19.7° S
Brisbane 152.9° E, 27.5° S
Canberra 149.1° E, 35.3° S
Hobart 147.3° E, 42.9° S

Macquarie Is 159.0° E, 54.5° S
Terre Adelie 140.0° E, 66.7° S
Casey 110.6° E, 66.3° S
Scott Base 166.8° E, 77.9° S

63.2° N 1957-1959, 1982-1986, 1988-2001
58.7° N 1968-1988

51.3° N 1957-1989, 1991

45.0° N 1968-1974, 1989-2006

41.3° N 1957-1992, 1996-1997

35.7° N 1948-1988, 1992-1993, 1996-2018
259° N 1957-2018

20.7° N 1957-1988, 1996-1999, 2001-2018
15.6° N 1957-1989, 1992-1993, 1996-2018
3.7° N 1964-1994, 1999

0.6°N 1957-1987

9.8°8S 1957-1971

22.9° S 1982-2009

28.4° S 1951-1994, 1997, 2003-2009
35.3° S 1950-1986, 2002-2009

43.5° S 1950-1994, 2003-2009

51.2° S 1950-1959, 1962-1994, 1999, 2003-2009
60.6° S 1950-1958, 1983-1992, 2003-2009
75.2° S 1959, 1964-1986

77.5° S 1957-1975, 1990-1992, 2004-2009
78.8° S 1958-1959, 1970-1983, 2003-2006

distribute over high northern latitudes to high southern latitudes
(see Table 1 for details; 9 stations in the northern hemisphere,
9 stations in the southern hemisphere, and 3 stations in the
geomagnetic equatorial region) so that latitudinal features of
the responding trend can be investigated in detail. These
ionosondes continuously or piecewise continuously measured
foF> variations.

The recorded f,F, variations include both the longer-term
variations, such as the solar cycle and seasonal variations and
the short-term variations, such as the day-to-day and diurnal
variations. The longer-term variations are dominant; they should
be removed in order to investigate geomagnetic activity effects.
The solar forcing contributes to the solar cycle variation and the
short-term day-to-day variation of the ionosphere. The short-
term solar forcing effects also should be removed to identify
geomagnetic activity effects. Although solar extremely ultravio-
let (EUV) irradiance ionizes the upper atmosphere to form the
ionosphere, it was not continuously measured. Thus, for histor-
ical ionospheric measurements, various solar proxies such as the
widely used Fo7 (the solar 10.7 cm radio flux) index were
usually used to estimate the solar forcing to the ionosphere.
The solar cycle effects of EUV can be well captured in terms
of nonlinear fittings of ionospheric electron density versus solar
proxies (e.g., Chen et al., 2008, 2014b; Sethi et al., 2002; Elias,
2014). However, for short-term EUV variation, solar proxies
do not work as well as they do for the solar cycle variation.
Vaishnav et al. (2019) found that the He II is the best solar
proxy for total electron content variations on the time scales
of weeks. Whereas the He II data set, do not cover the whole
time interval of the ionospheric measurements used in this
study. Chen et al. (2012) found that the short-term EUV versus
F07 slope is variable and significantly lower than the solar
cycle EUV versus Fig7 slope. They accordingly improved the
F107 index by weighting short-term and solar cycle F(; varia-
tions to eliminate the EUV versus Fjo; slope difference

between short-term and solar cycle timescales. The ability of
the improved index for estimating EUV was promoted as
compared with daily Fo7. A similar improved index was used
in other studies (e.g., Richards et al., 1994; Liu et al., 2006).
Furthermore, short-term EUV and F(5 variations were found
to be nonsynchronous (e.g., Woods et al., 2005; Chen et al.,
2018); F1¢7 variation leads EUV variation with a typical time
shift of 1 day for daily EUV and F' ;. This should be taken into
account when estimating solar EUV using the F( ;7 index. Thus,
we used the following weighted index of Fj; (the S index) to
more accurately estimate solar EUV according to Chen et al.
(2012), with a 1-day lag of EUV to Fjg7 (Chen et al., 2018)
being taken into account:

S=(04F 97+ 0.6F 974 )p, (1)

where F7,4 is the 81-day running average of Fq7, the sub-
script ‘p’ means the value of the preceding day. Figures 2a
and 2b present the effectiveness of the weighted index S for
improving solar EUV estimation. The EUV flux was measured
by the Solar EUV Monitor aboard the Solar Heliospheric
Observatory satellite (SOHO/SEM) (Judge et al., 1998).
Daytime f,F, responses to weaker geomagnetic activities
were investigated as the representative. Five hourly f,F, values
around local noon in each day were averaged to obtain a mean
midday f,F, value (see Table 1 for the year coverage of the
data). By doing this, some transitory ionospheric fluctuations
such as those associated with atmospheric waves may be sup-
pressed to some extent to highlight geomagnetic activity effects.
A cubic function of S was used to remove the solar forcing from
the mean midday f,F,. Some studies indicated there are time
lags in the F,-layer responses to solar EUV variations (e.g.,
Rich et al., 2003; Min et al., 2009; Coley & Heelis, 2012; Chen
et al., 2015; Vaishnav et al., 2019). Accordingly, a 1-day lag of
JfoF> to the S index was included in the function. In general,
ionospheric seasonal variations are dominated by the annual
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Fig. 2. Scatter plots of daily SOHO/SEM 26-34 nm EUV flux versus (a) the F( ;7 index and versus (b) the S index during the solar cycle 23; the
parameter r is the correlation coefficient between the EUV flux and the indices. (c) Variations of mean midday f,F, at Kokubunji; the red line
for observed values, the blue line for F 7 fitted values, and the grey line for the S index fitted values with 1—day lag of f,F> to S being included;
r is the correlation coefficient between observed and fitted f,F,. (d) Difference between observed and F) 7 fitted f,F,; the parameter STD is the
standard deviation of the difference. (e) Same as Figure 2d but for the S index fitted f,F>.

and semiannual components (e.g., Liu et al., 2009); some to the data series of f,F’, to capture the seasonal variations. Thus,
researchers also noted the terannual component (e.g., Xu  the mean midday f,F, was fitted according to equation (2) to
et al., 2012). A third-order Fourier decomposition was applied ~ remove the solar forcing and seasonal variations:
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Where S, is the S value of the preceding day; DoY means day
number of year. The solar forcing is included in the Fourier
coefficients. Figure 2c shows the observed and fitted mean mid-
day f,F, at Kokubunji as an example; f,F, was fitted using the
F1o7 index and the S index (with 1-day lag of f,F to S) respec-
tively for comparison. Both fittings can well capture the
observed solar cycle and seasonal variations of f,F,, while they
differ obviously on short-term timescales owing to their dis-
crepant abilities for estimating the short-term solar forcing.
The S index fitting is more correlated with the observed f,F,
than the Fq fitting. Geomagnetic activity effects are included
in the residual of the observed minus fitted f,F,, as shown in
Figures 2d and 2e. Consistent with Figure 2c, the standard devi-
ation of the S index fitting residual is smaller than the Fq 5 fit-
ting residual, indicating the S index can remove the solar forcing
more adequately than Fyq-. Thus, the S index fitting residual,
AfoF,, was used to analyze the effects of weaker geomagnetic
activities.

There are various geomagnetic activity indices serving
different purposes (e.g., Mayaud, 1980), while they are statisti-
cally correlated. The Dst index can be used as a good indicator
for different stages of magnetic storms, especially for stronger
storms. The AE index mainly serves as an indicator of the
substorm process occurring at high latitudes. The ap index
has a long record; it has been made available since 1932. Both
magnetic storms and substorms can result in corresponding
changes of ap and potentially cause global ionospheric distur-
bances. Studies have revealed that statistically ap variation is
a synthesis of AE and Dst to some extent (e.g., Gonzalez
et al., 1994; Fares Saba et al., 1997), although it is not an ideal
indicator for the energy deposition process of storms or
substorms. In this study, the ap index and its daily mean Ap
were used since some ionosonde measurements started as early
as 1948 when Dst and AE were unavailable.

The ionosphere can be disturbed for a period of time after
each geomagnetic disturbance process. Strong geomagnetic
activities are usually separated; thus, ionospheric response to
each disturbance process can be investigated. As shown in
Figure 1a, weaker geomagnetic activities sometimes occur very
frequently, so the effects of different disturbances on the iono-
sphere interwork. Thus, averages of geomagnetic activity
indices, for example, the daily Ap index, are usually used to
evaluate mean disturbance levels to investigate ionospheric vari-
ations. We used the average of the eight 3-h ap values preceding
the local noon of f,F, measurement day, <ap>,4 1, to estimate
the mean geomagnetic activity level responsible for f,F, distur-
bances. Since the objective of this study is ionospheric
responses to weaker geomagnetic activities, the data were
excluded if Ap was larger than 60 on the f,F, measurement
day or on the preceding day. The data were further divided into
four groups to investigate the seasonal dependence of the iono-
spheric response. Each group includes the measurements of +30
days centered on the equinox or solstice day to represent differ-
ent seasonal conditions.

Figure 3 shows the scatter plots of Af,F, versus <ap>,4 , at
Petropavlovsk as an example. Af,F, shows decreasing trends
with increasing geomagnetic activity in two equinoxes and June
solstice, while it trends to increase first and then decrease with
increasing <ap>,4 1, in December solstice. The data points are
scattered around the trends and distribute unevenly over differ-
ent <ap>,; 1, levels. Af,F, data were further normalized to
regular <ap>;4 1, grids using a moving window of 10 with a ste-
plength of 5 in order to more directly present the trends. The red
dots in Figure 3 are mean values of the gridded data, and the
error bars are corresponding lower and upper quartiles. The
gridded Af,F, somewhat increases first and then declines with
increasing <ap>»4 1, in December solstice. The decreasing trends
of the gridded Af,F, are evident in other seasons. The correla-
tion coefficients between Af,F, and <ap>,4 , were calculated.
Higher correlation coefficients mean more regular responses
of f,F, to weaker geomagnetic disturbances. Consistent with
the trends, the correlation coefficient is negative except for that
in the December solstice, it can reach —0.53 in September
equinox. The correlation is insignificant in December solstice
since the increasing trend gradually changes into the decreasing
trend with increasing geomagnetic activity.

We analyzed all of the measurements at 21 stations and
found that the responding trend of Af,F, to increasing geomag-
netic activity significantly depends on latitudes and has obvious
seasonal differences at mid-latitudes. Figure 4 presents the
trends of the gridded Af,F, with increasing <ap>4 1, at the
northern hemisphere stations. Af,F, decreases with increasing
<ap>,4 1, at higher latitudes (Dikson, Norilsk, and Yakutsk).
The responding trend changes gradually with decreasing
latitude. It turns to increase trends first in local winter (see
Petropavlovsk, the increasing trend begins to appear at the
low disturbance level of <ap>,4 ;,<20) and then in equinoxes
(see Kokubunji and Yamagawa), while it maintains the decreas-
ing trend in local summer. The increasing trends in winter
become evident at lower latitudes. This latitudinal transition
of the responding trend also takes place in the southern hemi-
sphere. Figure 5 shows the trends of the gridded Af,F, with
increasing <ap>4 1, at the southern hemisphere stations. The
decreasing trend prevails at higher latitudes (Scott Base, Casey,
Terre Adelie, Macquarie Is, and Hobart). With latitude decreas-
ing, the increasing trend gradually appears in winter (see
Canberra and Brisbane), while the decreasing trend continues
through Darwin in summer. The decreasing trend also becomes
unconspicuous at Brisbane, Townsville, and Darwin in equi-
noxes. As a result, a seasonal difference of the trend is evident
at mid-latitudes. With further latitude decreases, however, this
seasonal difference disappears. Figure 6 presents the trends of
the gridded Af,F, with increasing <ap>»4 1, in the equatorial
region. The increasing trend becomes prevailing in all seasons
at Manila, Kodaikanal, and Singapore, which is opposite to
the cases at higher latitudes.

Figure 7 presents the correlation coefficient between Af,F>
and <ap>,4 ;, to estimate the statistical significance of the trend.
The correlation coefficient has a consistent latitudinal transition
with that of the trend. It changes from negative values at higher
latitudes into positive values in the equatorial region. The tran-
sition also depends on seasons. In general, the absolute value of
the correlation coefficient is largest at higher latitudes, sec-
ondary in the equatorial region. The correlation is higher in local
winter and summer while smaller in equinoxes at mid-latitudes.
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coefficient.

Higher correlation means a more significant responding trend of
[foF> to increasing geomagnetic activity. That is to say; the trend
is generally more significant at higher latitudes and in the
equatorial region. It is notable that some correlation coefficients
are very small or insignificant (marked by the triangles in Fig. 7)
at mid-latitudes, especially in equinox seasons. A possible
reason is that both the increasing and decreasing trends appear
with increasing geomagnetic disturbance levels (for example,
the case shown in Fig. 3d, increasing trend turns to decrease
trend). The low correlation under this condition does not mean
there is no trend. Sometimes the low correlation indeed
means no significant trend, for example, the cases at Darwin
in equinoxes (Fig. 5).

3 Discussion

The responding trend of f,F, to increasing geomagnetic
activity was investigated in detail for weaker geomagnetic
disturbances. The trend is statistically significant in the vast
majority of cases, while the correlation coefficient between
AfoF, and <ap>,4 1, is not very high. Multiple factors are respon-
sible for the lower correlation coefficient. One is that Af,F, also
includes the effects of waves from the lower atmosphere on the
ionosphere. Another is that the solar forcing cannot be fully
excluded though we tried to remove it as adequately as possible
using the improved solar proxy. Moreover, ionospheric
responses are likely somewhat chaotic during different weaker

geomagnetic disturbances though statistically, there are tenden-
cies. With latitude decreases, the responding trend transits grad-
ually from the decreasing trend dominant at geomagnetic high-
latitudes into the increasing trend prevailing in the equatorial
region, and the transition depends on seasons. As a result, the
trend is seasonally dependent at geomagnetic mid-latitudes.

Many disturbance mechanisms have been proposed to
explain the ionospheric storms caused by strong geomagnetic
activities, mainly including enhanced particle precipitation and
plasma convection at high-latitudes, prompt penetration electric
fields, and disturbance dynamo electric fields at low-latitudes,
neutral wind disturbances, as well as thermospheric composition
changes. Ionospheric responses at different storm stages and in
different regions may be dominated by different mechanisms
(Prolss, 1995; Buonsanto, 1999; Mendillo, 2006; and references
therein). These disturbance mechanisms also can work to some
extent for weaker geomagnetic activities. Whereas the relative
importance of these mechanisms may be very different for
different geomagnetic disturbances, and the effects of different
disturbances can interwork owing to the frequent occurrence
of weaker geomagnetic activities. Thus, we just focus on the
dominant factor responsible for the latitudinally and seasonally
dependent responding trends.

The decreasing trends at high latitudes are contrary to the
effect of enhanced polar particle precipitation that causes increas-
ing ionization. Enhanced polar plasma convection can redis-
tribute the ionospheric plasma to form complex and
variable spatial structures of plasma density at high latitudes
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Norilsk, Yakutsk, Petropavlovsk, Irkutsk, Wakkanai, Kokubunji, Yamagawa, and Okinawa); the error bars indicate the lower and upper
quartiles of the gridded Af,F,. (a—d) present the variations under the seasonal conditions of March equinox, June Solstice, September equinox,

and December solstice, respectively.

(Prolss, 1995). It is more important for the global ionosphere that
the polar convection can significantly disturb the neutral atmo-
sphere by Joule heating to further affect the ionosphere by
photochemical and dynamic processes. With geomagnetic activ-
ity increases, the increasing Joule heating enhances high-latitude
atmospheric upwelling to reduce thermospheric [O]/[N,]

Page

(e.g., Rishbeth et al., 1987; Fuller-Rowell et al., 1994; Field &
Rishbeth, 1997), which results in declining F-layer electron
density at high-latitudes. The prevailing decreasing trend of
JoF> to increasing geomagnetic activity at high latitudes is con-
sistent with this thermospheric composition disturbance
mechanism.
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Fig. 5. Same as Figure 4 but for the southern hemisphere stations (from top to bottom: Scott Base, Casey, Terre Adelie, Macquarie Is, Hobart,

Canberra, Brisbane, Townsville, and Darwin).

The polar upwelling of the hot and molecule-enriched air
induces an atmospheric high-pressure zone, where thermo-
spheric composition bulge forms. This high-pressure zone
would expand equatorwards to further affect the mid-and low-
latitude ionosphere by changing thermospheric composition
and neutral winds, i.e., the storm-induced circulation (e.g.,
Rishbeth, 1975). For weaker geomagnetic activities, neverthe-
less, this equatorward expansion should not be very intense.

Page

Meanwhile, the composition bulge zone interacts with the back-
ground thermospheric circulation. The polar composition distur-
bance is superimposed on the background circulation to
transport the molecule-enriched air (e.g., Fuller-Rowell et al.,
1994, 1996, Field et al., 1998; Buonsanto, 1999). The back-
ground circulation will reach a new equilibrium to form an
altered circulation (Fuller-Rowell et al., 1994) if the storm
energy input remains continuously. That is expected to be
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Fig. 7. Latitude variations of the correlation coefficient between
Af,F, and <ap>,4 1,; the red, blue, black, and green lines correspond
to the seasonal conditions of March equinox, June Solstice,
September equinox, and December solstice, respectively. The dots
surrounded by triangles indicate low statistical significance
(P > 0.01) of the correlation coefficient.

idoneous to some extent for the frequent weaker geomagnetic
activities. In equinox seasons, the equatorward circulation can
be reinforced at nightside by the frequent weaker geomagnetic
activities to transport the molecule-enriched air so that the
mid-latitude [O]/[N,] decreases. Atmospheric downwelling
gradually arises far away from the polar region owing to the
encounter of two altered circulation cells, which increases
the [OJ/[N,] instead at low-latitudes through increasing the
O density relative to N, and O, (e.g., Rishbeth et al., 1987;
Fuller-Rowell et al., 1994; Buonsanto, 1999). In solstice sea-
sons, the prevailing summer to winter circulation transports
the molecule-enriched air equatorwards in the summer hemi-
sphere while restricting the composition bulge zone expansion
in the winter hemisphere (e.g., Fuller-Rowell et al., 1996;

Buonsanto, 1999). The downwelling also occurs far away from
the summer polar region to increase the [O]/[N,] at low-
latitudes and winter mid-latitudes. The molecule-enriched air
can be transported farther in solstice seasons than in equinox
seasons when two circulation cells collide at low latitudes.
The altered thermospheric composition can corotate to dayside
and affect the mid-and low-latitude ionosphere, though the
background circulation reverses in the daytime. The decreasing
[OJ/[N,] depresses the daytime F-layer electron density, and
the increasing [O]/[N,] enhances it.

The morphology of the latitudinal transition of the respond-
ing trend can be explained by the composition disturbance
induced by the polar upwelling and the altered background
circulation. In equinox seasons, the polar composition distur-
bance is transported equatorwards by the circulation, which
causes the extension of the polar decreasing trend to mid-
latitudes. The decreasing trend gradually changes into an
increasing trend with the presence of the downwelling at low
latitudes. In solstice seasons, the polar composition disturbance
is transported to lower latitudes by the summer to winter circu-
lation to cause the equatorward extension of the decreasing
trend in the summer hemisphere, while the polar upwelling
induced composition bulge and the corresponding decreasing
trend are restricted at higher latitudes by the summer to winter
circulation in the winter hemisphere. The downwelling of the
summer to winter circulation increases the [O]/[N,] to cause
the increasing trend at low-latitudes and winter mid-latitudes.
It should be noted that the seasonal dependence of the mid-
latitude trend is similar to that of ionospheric storm effects,
i.e., negative storms often take place in summer while positive
storms prevail in winter. The thermospheric composition distur-
bance was suggested to be the mechanism responsible for the
seasonally dependent storm effects (e.g., Fuller-Rowell et al.,
1996; Field et al., 1998).

Other disturbance mechanisms cannot in extenso explain the
morphology of the trend. The polar high-pressure zone can
reduce the intensity of daytime poleward wind when geomag-
netic activity enhances. This neutral wind disturbance should
cause increasing f,F, at mid-latitudes in all seasons, inconsistent
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Fig. 8. (a) Scatter plots of the percentage deviation of observed f F,
from the fitted values, &f,F,, versus <ap>,4 1, at Petropavlovsk in
March equinox season; the red line is the linear fitting of the dots for
the geomagnetic activity level of <ap>,, ,<30. (b) Latitude variations
of the fitting slope of df,F, versus <ap>,4 p; the red, blue, black, and
green lines correspond to the seasonal conditions of March equinox,

June Solstice, September equinox, and December solstice,
respectively.
with the seasonally dependent trends at mid-latitudes.

Nevertheless, neutral wind disturbance may modulate the mid-
latitude trends more or less. It may reinforce the increasing trend
in winter while reducing the decreasing trend in other seasons at
mid-latitudes. Electric field disturbance is usually important for
the low-latitude ionosphere (e.g., Tsurutani et al., 2006b, 2008).
Inconsistent with the prevalence of increasing trend at low-
latitudes, however, it should result in opposite f,F, perturbations
between the EIA trough and crests. Thus, the low-latitude
increasing trend should be attributed to the composition distur-
bance of increasing [O]/[N;], which was suggested to be cap-
able of resulting in positive ionospheric storms at low-
latitudes during strong geomagnetic disturbances (e.g., Fuller-
Rowell et al., 1994; Prolss, 1995; Field et al., 1998; Buonsanto,
1999).

It can be inferred from the above analysis that the respond-
ing intensity of f,F, to weaker geomagnetic activities is likely
related to the composition disturbance degree. We estimated
the responding intensity in terms of the fitting slope of the per-
centage deviation of observed from fitted f,F, versus <ap>,4 p.
The fitting slope of <ap>,4 <30 segment was used in view of
that the data are mainly at the lower geomagnetic activity level

of <ap>,4 ;<30, and the trend sometimes reverses if geomag-
netic activity further increases. Figure 8a illustrates the slope fit-
ted from the percentage deviation of f,F, versus <ap>,4 1, as an
example. Figure 8b shows the slopes at all stations and in all
seasons to present the latitudinal dependence of the responding
intensity. In general, the absolute value of the slope is largest at
higher latitudes, which is consistent with that the responses of
JoF> to weaker geomagnetic activities should be strongest near
the source region of the composition disturbance. The composi-
tion disturbance of decreasing [O]/[N,] should be gradually
declining away from the high-latitude disturbance source
region, while the contrary composition disturbance may
enhance the [O]/[N,] rather than decrease it at low-latitudes
owing to the presence of downwelling. Correspondingly, the
absolute value of the slope declines first and then trends to
increase with decreasing latitude. Thus, the result of Figure 8b
further supports the composition disturbance mechanism.

4 Summary

The responses of the low- to high-latitude ionosphere to the
frequent weaker geomagnetic activities were statistically inves-
tigated. The responding trend of f,F, to increasing geomagnetic
activity was obtained for different ionosonde stations and for
different seasons to present the morphology of the trend. The
responding trend is statistically significant in the vast majority
of cases, and it remarkably depends on latitudes. The decreasing
trend is dominant at higher latitudes, and the increasing trend
prevails in the equatorial region. With latitude decreases, the
trend gradually transits from the high-latitude decreasing trend
to the equatorial increasing trend. This latitudinal transition is
seasonally dependent. It occurs first in winter and then in
equinoxes with decreasing latitude, while the decreasing trend
can keep through near the equatorial region in summer. As a
result, the trend shows remarkable seasonal differences at
mid-latitudes, i.e., the decreasing trend in summer and the
increasing trend in winter (sometimes the trend is not distinct
in equinoxes). In general, the trend is more significant at higher
latitudes and in the equatorial region than at mid-latitudes, and
the responding intensity of f,F, to increasing geomagnetic
activity is largest at higher latitudes. Geomagnetic disturbances
can modulate the ionosphere through multiple mechanisms. For
the frequent weaker geomagnetic activities, nevertheless, the
results suggest that the thermospheric composition disturbance
caused by both the polar thermospheric upwelling and the
altered background circulation is primarily responsible for the
morphology of the responding trend.
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