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[1] The E-region dynamo in the equatorial ionosphere changes significantly during
Sudden Stratospheric Warming (SSW) events. However, little is known about the
modulation of the F-region dynamo by SSW events. During the SSW event of December
2001 the vertical current density in the daytime equatorial F-region, as observed by the
CHAMP satellite, exhibited oscillations with a 13-day period. This period reflects the lunar
tide in the CHAMP satellite data. Two independent drivers are known to contribute to
the F-region vertical current: thermospheric zonal wind (F-region dynamo) and vertical
electric field (E-region dynamo). The thermospheric zonal wind as observed by CHAMP
was modulated in a similar way as the F-region vertical current. Vertical electric field in the
equatorial F-region can be estimated from the magnetic and plasma/neutral observations of
the CHAMP satellite. The obtained values also show quasi 13-day modulations. The
thermospheric wind and vertical electric field drove the F-region vertical currents in
opposite directions, and the polarity of the net current generally followed the former
(F-region dynamo). From the observed phase delays of the 13-day oscillations we conclude
that the F-region vertical current during the SSW event was not only modulated by the
variation of the thermospheric wind but also by the variations of the E-region electric field
and the F-region plasma density distribution.

Citation: Park, J., and H. Lühr (2012), Effects of sudden stratospheric warming (SSW) on the lunitidal modulation of the F-region
dynamo, J. Geophys. Res., 117, A09320, doi:10.1029/2012JA018035.

1. Introduction

[2] It was early in the 1960’s when the effect of the
stratosphere on the ionosphere was first observed [e.g.,
Brown and Williams, 1971; Brown, 1975, and references
therein]. Henceforth, however, little progress had been made
until recently (see the review of Stening [1992, and refer-
ences therein]). The historical solar minimum around 2008
created favorable conditions for observing stratospheric
effects on the ionosphere. The ionosphere around the solar
minimum was extremely quiet (i.e., largely free from spec-
tacular variations caused by geomagnetic storms and sub-
storms) so that the stratospheric effect can be easily identified
and isolated. Moreover, tidal dissipation in the lower ther-
mosphere is weak for solar minimum conditions [e.g.,
Häusler et al., 2010; Pancheva and Mukhtarov, 2011],
so that the waves coming from lower altitude region are
detected more easily at higher altitudes than for solar maxi-
mum conditions. Since then researchers began to show
increased interest in the stratosphere-ionosphere coupling.
[3] Using vertical plasma drift observed at the Jicamarca

Radio Observatory (JRO) during the sudden stratospheric

warming (SSW) event in 2008, Chau et al. [2009] reported
that the drift exhibits large deviations from the long-term
average. The deviation was semi-diurnal (upward in the
morning and downward in the afternoon) and lasted for
several days. Chau et al. [2009] attributed the stratosphere-
ionosphere coupling to amplified planetary wave (PW)
activity during the SSW, which modulates the daytime
E-region dynamo and vertical plasma drift. The ionospheric
modulation by SSW has also been observed in total electron
content (TEC) data in America [Goncharenko et al., 2010a,
2010b] and in Asia [Liu et al., 2011], global TEC [Pedatella
and Forbes, 2010; Yue et al., 2010], F-region plasma density
[Lin et al., 2012], vertical plasma drift [Anderson and
Araujo-Pradere, 2010; Fejer et al., 2011; Rodrigues et al.,
2011], geomagnetic field observed by ground stations
[Yamazaki et al., 2012a, 2012b], equatorial electrojet (EEJ)
observed by ground stations [Sridharan et al., 2009; Fejer
et al., 2010], and EEJ measured by a satellite on a low-
Earth orbit [Fejer et al., 2010; Park et al., 2012]. The phase
of the semi-diurnal ionospheric modulation shifts to later
local time (LT) sectors with a speed of 12 [hour]/15 [day]
[Goncharenko et al., 2010b; Fejer et al., 2010, 2011]. For
more details about the recent advances on this subject, readers
are referred to the latest review paper by Chau et al. [2011].
[4] The papers listed above generally agree that enhanced

PW during SSW can interact with the equatorial semi-diurnal
tide, which modulates in turn plasma structures through the
E-region dynamo. However, the source of the semi-diurnal
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tide (to be amplified by PW) is still under debate. Fejer et al.
[2010, 2011] and Park et al. [2012] suggested that the phase
shift of the semi-diurnal modulations is consistent with the
lunar phase. On the other hand, Stening [2011] argued
against the lunar origin based on (1) longitudinal differences
of the ionospheric response to the SSW and (2) existence of
strong lunitidal signatures during non-SSW periods. Liu et al.
[2010] and Fuller-Rowell et al. [2011] conducted extensive
numerical simulations, but the lunar tides were not consid-
ered in their works. Especially, the results of Fuller-Rowell
et al. [2011] show phase-shifting semi-diurnal variation,
but the semi-diurnal lunar tide was not used as an input [Chau
et al., 2011]. Yamazaki et al. [2012a] showed significant
correlation of the SSW and lunitidal variations of the geo-
magnetic field, but they also argued that the relationship is
not a perfect one-to-one correspondence. Recently, Fang
et al. [2012] reproduced ionospheric variations observed
during the SSW in January 2009 without including the lunar
tides as an input to the simulation.
[5] Though many new aspects have already been reported

to elucidate the ionospheric response to SSW, they are gen-
erally related to the E-region dynamo. The SSW effect on the
F-region dynamo has not been investigated in detail. Accord-
ing to the numerical simulations of Liu et al. [2010, Figure 7]
F-region wind (and its dynamo action) has little effect on the
vertical plasma drift in all LT sectors, but they noted that the
result depends on the F-region conductivity. Further investi-
gation of coupling between the F-region dynamo and SSW is
still warranted.
[6] In this paper we investigate the SSW effects on the

dayside F-region dynamo for the SSW event in December
2001, as observed by the Challenging Minisatellite Payload
(CHAMP). The solar activity is high during that period (180 <
F10.7 < 270), and the F-region vertical currents associated
with the F-region dynamo [e.g., Heelis et al., 2012] are
expected to be strong [Park et al., 2010]. In section 2 we
present the observations. In section 3 the results are pre-
sented, which are discussed in section 4 in relation to previ-
ous studies. Conclusion will be drawn in section 5.

2. Observation

[7] From July 2000 to September 2010 CHAMP sampled
ionospheric F-region features on its low-altitude (from
450 km after launch to <300 km before mission end) and
polar (87� inclination) orbit. The orbit precessed slowly
through different LT sectors at a rate of 1 hour per 11 days.
A Fluxgate Magnetometer (FGM) and an absolute Over-
hauser Magnetometer measured the geomagnetic field. The
readings of the two magnetometers are inter-calibrated to
produce accurate Level 2 data with 1 s resolution. For our
work the Earth’s main, crustal, and magnetospheric fields
represented by the Pomme6 model (http://www.geomag.us/
models/pomme6.html) were subtracted from the observed
B-fields to isolate ionospheric effects. From an on-board
accelerometer we can estimate thermospheric neutral mass
density and zonal neutral wind in the east-west direction.
Note that the uncertainty of the neutral wind observations of
CHAMP is about 20 m/s [Liu et al., 2006] when averaged

over 10 s. The Planar Langmuir Probe (PLP) provides a
plasma density reading every 15 s.
[8] Figure 1 presents CHAMP observations during a mid-

winter SSW event in December 2001. Along the horizontal
axis of Figure 1 time is given in the format of month/day. The
panels from top to bottom exhibit (a) LT of the CHAMP
orbit, (b) zonal neutral wind velocity (positive eastward),
(c) zonal deflection of the B-field (eastward deflections are
pointing to the right), (d) deviations of the B-field strength
from the Pomme6 model field (strength enhancements are
pointing to the right), (e) the high-latitude stratospheric
temperature difference, (f) Kp index of daily average, and
(g) F10.7 index. For the stratospheric temperature the ERA-
INTERIM re-analyses data of the European Centre for
Medium-Range Weather Forecasts (ECMWF) is used [Dee
et al., 2011]. The data in Figures 1b–1d are moving bin-
averages over 1� MLAT by 3-day (advancing by 1 day) cells,
irrespective of geographic longitude (GLON). For example,
for a given MLAT bin, the value for 21 December 2001 is an
average of all the corresponding data from 20 to 22 December
2001. From Figure 1e we can see that the SSW event began
around 23 December 2001. In Figure 1d we see the typical
signature of the equatorial magnetic field (signature of the
EEJ current [Lühr et al., 2004]): the southward field deflec-
tions around the equator. The EEJ signature weakens
between 23 and 31 December, right after the SSW. The
southward deflections recover after 31 December, but
decrease again to reach a local minimum near 10 January.
This temporal variation has a period of about 13 days, which
was also found in the CHAMP data in Park et al. [2012,
Figure 1]. In Figure 1c the zonal B-field exhibits clear bipolar
structures (eastward/westward in the northern/southern
hemisphere, respectively) after 31 December, which corre-
sponds to the F-region vertical currents, related to the west-
ward thermospheric neutral wind (the F-region dynamo)
[Lühr and Maus, 2006; Park et al., 2010]. Between 23 and
31 December 2001 the bipolar structure cannot be easily
identified because it is masked by strong unipolar magnetic
structures (with the maximum at the magnetic equator),
which represent the interhemispheric field-aligned currents
[Park et al., 2011]. Just like the parallel component of the
B-field at the equator (Figure 1d), the bipolar structure of the
zonal B-field (Figure 1c) exhibits a clear 13-day modulation.
In Figure 1b the zonal neutral wind around the magnetic
equator shows also periodic temporal variations similar to
those of the magnetic field deflections. In the LT sector
sampled by CHAMP during the SSW period the wind
direction is generally westward, consistent with the polarity
of the F-region vertical currents, as expected around noon
time [Lühr and Maus, 2006; Park et al., 2010]. The plasma
density, as measured by the CHAMP/PLP (not shown here),
also shows for this time interval that the crest-to-trough ratio
(CTR) of the Equatorial Ionization Anomaly (EIA) exhibits
significant 13-day variations [Ritter et al., 2012]. Note that
the Kp (Figure 1f) and F10.7 (Figure 1g) indices do not exhibit
a clear 13-day periodicity which can explain the variations of
the EEJ, F-region current, and neutral wind as observed by
CHAMP. Similarly, variations of solar wind speed during the
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Figure 1. CHAMP observation during the SSW in December 2001: (a) local time variation of the
CHAMP orbit, (b) zonal neutral wind (positive eastward), (c) zonal deflection of B-field (eastward is
pointing to the right), (d) parallel component of B-field (strength enhancements are pointing to the right),
(e) stratospheric temperature difference between the North Pole and 60�N, (f) Kp index of daily average,
and (g) F10.7 index.
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event, which is shown in Park et al. [2012, Figure 1], cannot
explain the CHAMP observations.

3. Results

[9] Let us estimate the vertical current density, jz, in the
F-region using the CHAMP/FGM data. As we are interested
in the near-equatorial region, we use a coordinate system
defined as follows. The x-axis lies in the horizontal plane
pointing toward geomagnetic north, y-axis also horizontal
and toward geomagnetic east, and the z-axis points radially
downward (toward the Earth’s center). Ampere’s law in this
coordinate system is:

▽�H ¼ j

∂By

∂x
� ∂Bx

∂y

� �
¼ m0jz:

If we neglect the y dependence by assuming a current sheet
elongated in y direction, we obtain

∂By

∂x
≈ m0 jz: ð1Þ

Hence, from the latitudinal gradient of Bywe can estimate the
(vertically) downward current density, jz. For each day of
interest we construct the longitudinally averaged latitude
profile of By (see Figure 1c), and extract the latitudinally anti-
symmetric component from the profile [Park et al., 2010].
The latitudinal gradient of the anti-symmetric component is
estimated near the magnetic equator to get a value of jz for
each day. The results averaged over �5� MLAT are given in
Figure 2c. Note that this approach is slightly different from
that used by Lühr and Maus [2006] and Park et al. [2010]
where they estimated the strength of the F-region dynamo
sheet current density (in A/m).
[10] Equally, we have averaged the zonal wind (see

Figure 1b) near the equator, which is shown in Figure 2b. The
EEJ strength can be extracted from the B-field strength var-
iation with respect to the Pomme6 model according to Lühr
et al. [2004]. Results are shown in Figure 2d. The peak EEJ
current strength from each dayside equatorial pass of
CHAMP is shown as a black line in Figure 2d, with its daily
average overplotted as a red line. Figure 2a again shows the
LT progression of the CHAMP orbit. Figures 2e–2g

Figure 2. Processed CHAMP observations during the SSW event in December 2001: (a) local time of the
CHAMP orbit, (b) zonal neutral wind averaged over �5� MLAT, (c) F-region vertical current density
averaged over �5� MLAT, and (d) EEJ current strength. (e–g) Wavelet power spectra of Figures 2b–
2d, respectively. The black lines denote the cone of influence, and the white dashed line corresponds to
the 13.26-day period, which is the period of the semi-diurnal lunar tide as seen by CHAMP.
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correspond to wavelet power spectra of the standard score of
the signals shown in Figures 2b–2d, respectively. The black
solid curves denote the cone of influence, and the white
dashed lines correspond to the 13.26-day period, which is
the period of the semi-diurnal lunar tide in the CHAMP
orbit frame [Park et al., 2012]. After the SSW onset on
23 December the EEJ strength (Figure 2d) starts to show
strong modulations with a period of about 13 days, as is
clearly seen in Figure 2g. The F-region vertical current den-
sity (Figure 2c) exhibits similar modulations at about
13 days, as seen in Figure 2f. The equatorial zonal wind is
also modulated in a similar way after the SSW onset. Con-
sistently, Figure 2e shows significant wave power around
the 13-day period at least until 15 January 2002 (see also
Figure 2b).

4. Discussion

4.1. Calculation of the F-Region Vertical Currents

[11] The daytime F-region vertical current density at the
equator is generated by the interaction between the E-field,
F-region conductivity, thermospheric zonal wind, and ambient
B-field strength. Hence, we have an alternative way to esti-
mate jz. The local current density at a point in the F-region
can be expressed as:

sP Eperp þ u� B
� � ¼ j;

where sp is the local Pedersen conductivity in the F-region,
Eperp is the F-region electric field perpendicular to the mag-
netic field, u is neutral wind, and B the ambient geomagnetic
field. The first and second terms in parenthesis on the left-
hand side correspond to the Pedersen currents driven by the
F-region polarization E-field and by the F-region wind
dynamo, respectively. As the F-region dynamo is known to
generate a limited polarization electric field on the dayside,
the first term in parenthesis of the left-hand side plausibly
corresponds to the polarization electric field mapped up from
the E-region dynamo. Near the equator the z direction (ver-
tically downward) can be deemed as perpendicular to the
ambient geomagnetic field. Then,

sP Ez � uyBx

� �
≈ jz:

The local Hall conductivity is considered negligible because
we are interested in the F-region. Note that jz in the above
equation reflects the current density that is estimated by
equation (1) using the CHAMP/FGM data.
[12] If we neglect the electron contribution and assume

that nin
2 ≪ Wi

2 at this altitude, the Pedersen conductivity can
be approximated as:

sP ≈
nee2nin

mi n2in þ W2
i

� � ≈
nee2nin
miW2

i

¼ neminin
B2

;

where ne is the plasma density, e the electron charge, vin ion-
neutral collision frequency, Wi ion gyrofrequency, and mi the
mean ion mass.
[13] For the ion-neutral collision frequency between O+

and O, Schunk and Nagy [2009, Section 4.8, Table 4.5]
provided an approximation:

nin ≈ 3:67� 10�17nn
ffiffiffiffiffi
Tr

p
1� 0:064 log10Trð Þ2;

where nn is the neutral density in m�3, Tr the average of

neutral (Tn) and ion (Ti) temperatures in Kelvin, and vin is
given in s�1.
[14] Hence, the vertically downward current density, jz, as

observed by CHAMP can be expressed as:

jz ≈ sP Ez � uyBx

� �
≈

neminin
B2

Ez � uyBx

� �

≈ 3:67� 10�17nn
ffiffiffiffiffi
Tr

p
1� 0:064 log10Trð Þ2 nemi

B2
Bx

Ez

Bx
� uy

� �
:

ð2Þ

For this equation the plasma density ne is measured by the
CHAMP/PLP, and the magnetic field Bx and B by the
CHAMP/FGM. As the other parameters (mi, nn, Tr, and Ez/Bx)
are not directly provided by CHAMP, the following assump-
tions are made:
[15] 1. We assume that the ionosphere at CHAMP altitude

is dominated by oxygen ions so that mi ≈ 16 � mp where mp

is the proton mass.
[16] 2. We assume that the thermosphere at CHAMP

altitude is also dominated by atomic oxygen. Then, neutral
number density nn can be estimated from the neutral mass
density as derived from the CHAMP accelerometer.
[17] 3. We assume that Ti = 1000 K, a value consistent

with the model of Köhnlein [1986] for daytime, and that Tn =
1000 K. Then, Tr ¼ 1

2 Ti þ Tnð Þ ¼ 1000 K.
[18] 4. We assume that uy can be approximated by cross-

track wind as measured by CHAMP.
[19] With those assumptions we can estimate values for

Ez/Bx from equation (2):

Ez

Bx
¼ uy þ jzB2

3:67� 10�17nn
ffiffiffiffiffi
Tr

p
1� 0:064 log10Trð Þ2nemiBx

≈ uy þ jzB2mn

3:67� 10�17r
ffiffiffiffiffi
Tr

p
1� 0:064 log10Trð Þ2nemiBx

; ð3Þ

where r is neutral mass density as observed by CHAMP,
and mn is mean mass of neutral particles. The results around
the equator are shown in Figure 3. Figures 3a and 3b are the
same as in Figure 2. For comparison, the EEJ strength for
each orbit is shown as a black line in Figure 3f, with its daily
average overplotted as a red line. Figure 3e corresponds to
jz as observed by the CHAMP/FGM while Figure 3c shows
the related eastward plasma velocity, Ez/Bx at the equator
as calculated from equation (3). The Ez/Bx curve in Figure 3c
qualitatively follows that of eastward neutral wind
(Figure 3b). Ez/Bx also seems to be affected by the quasi
13-day oscillations. Though this oscillation is not conspicuous
in Figure 3c, its spectrum (figure not shown; the method used
to get the spectrum is described in the next subsection)
exhibits the peak amplitude around the 13-day period. On a
larger temporal scale (>13 days), the behavior of Ez/Bx gen-
erally follows the LT variation of zonal plasma drift in the
equatorial F-region above the JRO as shown in Fejer et al.
[2005, Figure 5]. That is, the westward drift speed is largest
slightly before local noon, and the direction remains west-
ward within 09–15 LT. Only the magnitude of Ez/Bx in our
Figure 3 is larger than that of Fejer et al. [2005] by about a
factor of two.
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[20] The assumptions 1–4 shown above may partly be
responsible for the magnitude discrepancy of Ez/Bx values
between our results and those of Fejer et al. [2005]. In
Figure 3c the minimum and maximum values of the estimated
eastward drift speed are �113.5 m/s and �11.5 m/s, respec-
tively. First, we check the sensitivity of the eastward drift
speed on ion temperature (assumption 3). The ion tempera-
ture at the magnetic equator predicted by the International

Reference Ionosphere model 2007 (IRI-2007) (http://omniweb.
gsfc.nasa.gov/vitmo/) is generally higher than our assump-
tion (1000 K), but below 1300 K during this SSW event.
The neutral temperature at the magnetic equator predicted
by the Mass Spectrometer Incoherent Scatter (MSIS) Model
(http://omniweb.gsfc.nasa.gov/vitmo/) is in general below
1700 K during the same period. Even though we assume Tr =
1700 K, this temperature adjustment will enhance the plasma
drift speed only by <3 m/s. Deviating from the assumptions 1

Figure 3. Compilation of observed and derived quantities. (a) Local time of CHAMP orbit, (b) thermo-
spheric zonal wind, (c) eastward plasma drift (Ez/Bx) as calculated from the parameters observed by
CHAMP, (d) downward current densities driven by thermospheric zonal wind ( jU) and by vertical E-field
as a black line ( jE), and (e) net downward current. (f) For reference the EEJ strength for each orbit is
shown as black line, with its daily average overplotted as a red line.
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and 2 we may have a certain admixture of heavier ions and
neutrals. But, these two effects compensate each other (see
equation (3)) and do not contribute significantly to the
obtained drift velocity. It is finally the uncertainty in neutral
wind measurement that directly affects the obtained plasma
drift speed (see equation (3)). Error bars of �20 m/s have
been reported by Liu et al. [2006] for CHAMP neutral wind
data. The remaining discrepancy may be attributed to the
solar activity difference between our case (169 < F10.7 < 266,
mean F10.7 ≈ 214) and Fejer et al. [2005, Figure 5] (F10.7 ≈
180). Also, the discrepancy may partly be because the Fejer
et al. [2005] results were obtained at one location (JRO)
while we have considered longitudinal averages.
[21] Although CHAMP/DIDM could have directly mea-

sured the plasma drift velocity, its degradation during the
launch prevents us from using in-situ observations of Ez/Bx.
Swarm, an upcoming satellite mission of the European Space
Agency (ESA) consists of three identical satellites with
payloads similar to those on CHAMP. The Swarm satellites
can measure the unknown quantities in equation (2), such as
mi, Ti, and Ez/Bx. Then, the consistency can be directly
checked between the F-region vertical current density values
estimated by the magnetic field observations (equation (1))
and by plasma/neutral observations (equation (2)). This test
is left as a future work.
[22] Figure 3d shows the current contribution of the ther-

mospheric zonal wind (Figure 3b) and that of the eastward
plasma velocity, Ez/Bx (Figure 3c): the two add to the net
downward current density, as deduced from the CHAMP/
FGM (Figure 3e). The westward wind on the dayside
(Figure 3b) drives downward currents (red line in Figure 3d)
around the equator. On the other hand, the daytime west-
ward plasma drift (Figure 3c) corresponding to the upward
E-field drives an upward Pedersen current (blue in
Figure 3d). The net current (Figure 3e) is the sum of the two
opposite contributions. As the magnitude of the currents
driven by the F-region wind dynamo is larger, the net down-
ward current follows the signature of that current component.

4.2. Phase Delays of the Lunitidal Modulation

[23] In this subsection we calculate the lunitidal phases of
the F-region vertical current density and various ionospheric
quantities (EEJ, CTR, Ez/Bx, westward wind, and F-region
vertical current). In the following discussion we assume that
the 13-day oscillation originates from the semi-diurnal lunar
tide [Park et al., 2012] in order to discuss our results in
relation with those of Park et al. [2012]. However, the gen-
erality of our main conclusion will not be affected by this
assumption.
[24] We take a 40-day segment (�13.26 � 3 days) of

CHAMP observations around the SSW event; the EEJ,

the F-region vertical current density, the westward neutral
wind speed, the CTR of plasma density, and eastward
plasma drift speed, respectively. The ‘westward’ wind and
‘eastward’ plasma drift directions were chosen because they
both contribute to ‘downward’ currents in the equatorial
F-region. Then a Discrete Fourier Transform (DFT) is applied
to each data set after linear detrend. From the phase of the
DFT we can calculate the delayed appearance of the tidal
maximum at noon time with respect to the new/full moon
epoch (hereafter, ‘phase delay’); details of the calculation
method are given in Park et al. [2012]. Let us take the EEJ as
an example for modulation by the semi-diurnal lunar tide.
During one semi-monthly period (=29.53/2 [days]) the
noontime EEJ intensity peaksD days after the new/full moon
epoch. In that case we say, “the phase delay of the lunitidal
EEJ oscillation is D days.”
[25] Phase delays of various ionospheric quantities (EEJ,

CTR, Ez/Bx, westward wind, and F-region vertical current),
which are obtained by applying the DFT to the ionospheric
parameters, are listed in Table 1. Note that the EEJ, CTR,
westward wind, and F-region vertical current are all observed
by CHAMP while Ez /Bx is derived by inserting CHAMP
observations into equation (3). Figure 4 shows schematically
the wavefront propagation of lunitidal signatures for the
ionospheric quantities. The phase delay for the EEJ is
4.7 days (or 3.8 lunar hours) from the new/full moon, which
is compatible with the average value of 4.4 days in Park et al.
[2012]. The phase delay for the CTR of the ionospheric
density is 3.4 days (or 2.7 lunar hours). The relative delay
between the EEJ and CTR is in qualitative agreement with
the delayed response of the ionospheric plasma density to the
vertical plasma drift (or equivalently to the EEJ) [e.g., Stolle
et al., 2008]; when comparing the curves in Figure 4 at a
fixed moon phase. For the F-region vertical current we obtain
a phase delay of about 0.6 days (or 0.5 lunar hours), which is
neither in-phase nor anti-phase with that of the CTR.
[26] We find a weak but non-negligible variation of the

F-region zonal wind at 400 km altitude with a period of
�13 days (Figure 2b). The lunitidal phase delay of the
westward thermospheric wind is about 2.7 days (or 2.2 lunar
hours). The phase delay of the eastward plasma drift at the
equator (Ez/Bx), which is estimated from equation (3), is
about 11.6 days (or 9.4 lunar hours). The value is quite dif-
ferent from that of the F-region vertical current density,
reflecting the nearly opposite phases of Ez/Bx and jdown in
Figures 3c and 3e. In total, the lunitidal phase delay of the
F-region vertical current (�0.6 days) is different from all the
other phase delays mentioned above. Hence, the conspicuous
lunitidal modulation of the F-region vertical current during
the SSW event in December 2001 results from a complex
interaction between the F-region plasma density, electric
field (probably of E-region origin), and thermospheric wind,
each of which is affected by the lunar semi-diurnal tide with a
different phase delay. This conclusion is in line with the one
Park et al. [2010] have drawn for the phase of the non-
migrating solar tidal wave signatures in the F-region vertical
currents.

5. Summary

[27] During the SSW event of December 2001 CHAMP
observations of zonal neutral wind, neutral/plasma density,

Table 1. Lunitidal Phase Delay of Ionospheric Parameters Related
to the Downward Currents in the Equatorial Dayside F-Region

Signal Tidal delay (days) Tidal Delay (lunar hours)

Equatorial electrojet 4.7 3.8
Crest-to-trough ratio 3.4 2.7
Eastward drift 11.6(= �3.2) 9.4(= �2.6)
Westward wind 2.7 2.2
F-region downward current 0.6 0.5
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and geomagnetic field revealed the following features asso-
ciated with the F-region vertical currents.
[28] 1. For the SSW onset of December 2001 we show that

the vertical current density in the daytime equatorial F-region,
as recorded by the CHAMP/FGM, is modulated at a 13-day
period. The shape and period are consistent with the EEJ
intensity modulation which has been attributed to the lunar
semi-diurnal tide by Park et al. [2012].
[29] 2. Also the zonal neutral wind at CHAMP altitudes is

modulated with an oscillation period comparable to that of
the F-region vertical current. It implies that the upper ther-
mospheric winds are significantly modulated by the lunar
tide during an SSW event. The winds are expected to play the
primary role in modulating the F-region vertical currents.
[30] 3. Zonal plasma drift in the equatorial F-region can be

estimated from the magnetic and plasma/neutral observations
of CHAMP. The obtained values are in qualitative agreement
with the known climatology at Jicamarca [Fejer et al., 2005],
and also show quasi 13-day modulations. It implies that the
zonal plasma drift in the equatorial F-region (probably
caused by the wind dynamo in the E-region) is also modu-
lated by the lunar tide during an SSW event.
[31] 4. From the observed phase delays of the lunitidal

signatures we conclude that the modulation of the F-region
vertical current is not only driven by the variation of the
thermospheric wind, but also modulated by the E-region
electric field and the F-region plasma density distribution

(i.e., the modulated fountain effect and the resulting modu-
lation of the F-region plasma density).
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