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Abstract Disturbance dynamo is an important dynamic process during magnetic storms. However, very
few direct observations of dynamo-induced plasma drifts and ion composition changes in the equatorial
ionosphere are available. In this study, we use measurements of the Defense Meteorological Satellite
Program (DMSP) satellites to identify the characteristics of the disturbance dynamo process in the topside
equatorial ionosphere near dawn during the magnetic storm with a minimum Dst of �223 nT on 17 March
2015. Data from four DMSP satellites with equatorial crossings at 0245, 0430, 0630, and 0730 LT are available
for this case. The dynamo process was first observed in the postmidnight sector 3–4.7 h after the beginning
of the storm main phase and lasted for 31 h, covering the second storm intensification and the initial 20 h
of the recovery phase. The dynamo vertical ion drift was upward (up to 150–200m s�1) in the postmidnight
sector and downward (up to ~80m s�1) in the early morning sector. The dynamo zonal ion drift was
westward at these locations and reached ~100m s�1. The dynamo process caused large enhancements of
the O+ concentration (the ratio of the oxygen ion density to the total ion density) at the altitude of 840 km
near dawn. The O+ concentration increased from below 60% during the prestorm period to 80–90% during
the storm time. More specifically, the O+ density was increased, and the H+ density was decreased. The
variations of the O+ concentration were well correlated with the vertical ion drift.

1. Introduction

The equatorial ionosphere is significantly disturbed during magnetic storms. The disturbance electric fields in
the equatorial region have two major sources. One is penetration electric field originating from the solar
wind, and the other is dynamo electric field caused by disturbance neutral winds. Penetration electric field
has been extensively studied. Nishida [1968] found that the variations of dayside magnetic perturbations
at the equatorial latitudes are well correlated with the variations of the interplanetary magnetic field (IMF)
when the IMF is fluctuating between southward and northward. He suggested that the interplanetary electric
field penetrates to the equatorial ionosphere where it moderates currents and causes magnetic perturba-
tions. Since then, penetration electric field has been observed with radars [e.g., Kelley et al., 1979; Huang
et al., 2005, 2007], ground magnetometers [Kikuchi et al., 1996, 2008], and spaceborne instruments [Huang
et al., 2010a]. Strong penetration electric field during magnetic storms causes large upward plasma drift in
the equatorial ionosphere on the dayside and in the evening sector [Kelley et al., 2003; Huang et al., 2005,
2010a; Fejer et al., 2007; Kil et al., 2007; Huang, 2008; Kelley and Retterer, 2008].

The first model of penetration of magnetospheric convection electric field was made by Vasyliunas [1970].
Penetration of electric field from the polar cap to equatorial latitudes was simulated with numerical models
[Senior and Blanc, 1984;Maruyama et al., 2005, 2007;Wang et al., 2008]. The local time distribution of penetra-
tion electric fieldwas derived in simulations [Spiro et al., 1988; Richmond et al., 2003;HuangandChen, 2008] and
constructed from the change of satellite-measured ion drifts in response to a step function increase of hourly
AE indices [Fejer et al., 2008]. Recently, Huang [2015] identified the local time distribution of vertical ion drifts
associated with penetration electric field in the equatorial ionosphere from measurements of the
Communication/Navigation Outage Forecast System (C/NOFS) satellite during magnetic storms. The vertical
ion drift is greatly enhanced near dusk and significantly decreased betweenmidnight and dawn. The observa-
tional result of Huang [2015] is in remarkable agreement with the simulations of Richmond et al. [2003].
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Dynamo electric field often becomes dominant during the storm recovery phase which can last several days.
The first concept of the disturbance dynamo was introduced by Blanc and Richmond [1980]. Fejer et al. [1983],
using Jicamarca incoherent scatter data, identified for the first time the disturbance dynamo electric field.
Scherliess and Fejer [1997] used Jicamarca radar observations of F region vertical plasma drifts to study the
characteristics of equatorial disturbance dynamo electric fields and found that the disturbance vertical ion
drift increases with the AE index. Fejer et al. [2005] analyzed Jicamarca radar data and found that enhanced
geomagnetic activity drives small eastward disturbance plasma drifts during the day and larger westward
disturbance drifts at night. Disturbance dynamo vertical ion drifts were also derived from ROCSAT-1 measure-
ments [Fejer et al., 2008]. The disturbance dynamo ion drifts in response to an increase of the AE index in these
studies are quite small (<15m s�1 in Scherliess and Fejer [1997] and Fejer et al. [2008]). Abdu et al. [2007] ana-
lyzed the variations of the F peak height and total electron content (TEC) in the Brazilian and Asian longitude
sectors during the magnetic storms of October 2003. Disturbance dynamo electric field was inferred from
ionosonde data and suggested to have caused large nighttime F layer uplifts. Richmond et al. [2003] and
Huang and Chen [2008] used numerical models to simulate dynamo electric fields in the equatorial iono-
sphere. In the simulations, the zonal dynamo electric field is eastward at night and westward during daytime
and in the evening sector, and the vertical dynamo electric field is upward at night and downward during
daytime and in the evening sector. Kelley and Retterer [2008] reported the Jicamarca radar measurements
of the vertical plasma drift over 40 h during the magnetic storms in November 2004. The radar detected
enhanced downward plasma drift in the midnight-dawn sector during the storm main phase, and the
postmidnight downward plasma drift was caused by penetration electric field associated with southward
interplanetary magnetic field (IMF) but not by disturbance dynamo. Very few direct measurements of
dynamo plasma drifts in the equatorial ionosphere during severe magnetic storms are available.

Magnetic storms enhance Joule heating in the auroral zone and increase temperature and neutral winds in
the upper thermosphere [Fuller-Rowell et al., 1994, 1996]. The equatorward, divergent flow from high lati-
tudes causes upwelling and increase in mean molecular mass. Convergence of the disturbance winds at
low latitudes causes downwelling and a decrease in mean molecular mass. Changes in neutral composition
will cause changes in the ionized species. However, very little is known on storm-time changes of ion com-
position in the equatorial ionosphere.

A severe magnetic storm, the strongest storm during solar cycle 24, occurred on 17 March 2015. Several stu-
dies already analyzed the characteristics of the ionosphere and thermosphere at middle and low latitudes
during this storm. Astafyeva et al. [2015] examined the variations of total electron content (TEC), F peak alti-
tude, and thermospheric O/N2 ratio and identified positive and negative ionospheric storm effects at differ-
ent longitudes, latitudes, local times, and hemispheres. Ramsingh et al. [2015] observed storm-time eastward
penetration electric field in the evening equatorial ionosphere. The penetration electric field caused a large
increase of the vertical plasma drift and subsequent occurrence of equatorial spread F irregularities and scin-
tillation. Nava et al. [2016] analyzed TEC and O/N2 data in different longitude sectors during the storm main
and recovery phases and were able to separate the effects of the prompt penetration electric field and the
disturbance dynamo electric field. Tulasi Ram et al. [2016] reported the observations of a rapid uplift of equa-
torial F layer caused by storm-time penetration electric field and the generation of equatorial plasma bubbles.

This study focuses on the behaviors of the equatorial ionosphere near dawn during themagnetic storm on 17
March 2015. There are a number of outstanding problems in the storm-time ionospheric dynamics in the
dawn sector.

1. The characteristics and interplay of penetration and disturbance dynamo electric fields are not well
understood. It is not known when disturbance dynamo electric field becomes dominant and how long
disturbance dynamo electric field lasts after the cessation of the magnetic storm.

2. Large TEC enhancements have been observed in the morning sector during magnetic storms. However, it
is not well known how the TEC enhancements are generated and related to penetration and disturbance
dynamo electric fields.

3. Increases of the O/N2 ratio at low latitudes have been observed in the morning sector during storm times.
Disturbance neutral winds carrying changes of neutral composition are expected to first arrive at the
equatorial region in the midnight sector. It is not fully understood how the variation of the O/N2 ratio
in the morning sector is related to the disturbance winds in the midnight sector.
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4. Changes of neutral composition are expected to cause corresponding changes in ion composition.
However, almost no observations of storm-time ion composition are available, and it is not known how
ion composition in the equatorial ionosphere is related to storm-induced electric fields.

In this study, we use measurements of the Defense Meteorological Satellite Program (DMSP) satellites to
analyze the characteristics of equatorial ionospheric ion drift and ion density related to disturbance dynamo
processes in the dawn sector during the magnetic storm on 17 March 2015. We will show that the magnetic
storm caused significant changes in ion drifts and ion composition in the equatorial ionosphere through the
dynamo process.

2. Observations

We first give a brief description of the magnetic storm on 17 March 2015. Figure 1 shows the solar wind data
and the SYM-H index in this case. The solar wind data have been shifted to the dayside magnetopause. The
IMF Bz component was mostly positive on 16 March 2015, and the northward IMF was further enhanced at
0448UT on 17 March, as indicated by the vertical dashed line. The solar wind velocity and the solar wind
dynamic pressure, as well as SYM-H, showed a sudden increase at this time, corresponding to the beginning
of the initial phase of the magnetic storm. The SYM-H index is equivalent to the Dst index but has a time
resolution of 1min, so the SYM-H index can be used to determine the variations at shorter time scales. The
IMF turned southward at 0558UT on 17 March, and the SYM-H index started to decrease at 0558UT and
reached a minimum value (�101 nT) at 0937UT. This period between 0558 and 0937UT, denoted by the nar-
row yellow bar, is identified as the first intensification of the magnetic storm. Then the IMF turned mostly
northward between 0937 and 1206UT, and the SYM-H index increased to �38 nT. The period between
0937 and 1206UT, denoted by the narrow gray bar, is identified as a temporary recovery. The IMF became
mostly southward again after 1206UT, and the SYM-H index decreased to �234 nT at 2247UT. The period
between 1206 and 2247UT on 17 March, denoted by the wider yellow bar, is identified as the second

Figure 1. The interplanetary magnetic field (IMF) Bz component, the solar wind velocity, the solar wind dynamic pressure,
and the SYM-H index during the magnetic storm on 17 March 2015. The yellow shading denotes the stormmain phase, and
the grey shading denotes the recovery phase.
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intensification of the magnetic storm. The magnetic storm then started to recover, and the recovery phase
took several days. We are interested in the recovery period until 1800 UT on 18 March, denoted by the wider
gray bar. This is because the largest variations of the equatorial ionospheric plasma parameters occurred
between 0558UT on 17 March and 1800UT on 18 March, as will be shown later. The variation of Dstwas very
similar to that of SYM-H and had a minimum value of �223 nT at 2200UT on 17 March.

We focus on disturbance dynamo ion drifts and related ion composition changes in the equatorial iono-
sphere near dawn. Measurements are available from four DMSP satellites: F15, F16, F18, and F19 in this storm
case. The DMSP satellites have a polar orbit at the altitude of 840 km, with an orbital period of ~100min. The
satellites fly across the equator from the Southern to Northern Hemisphere near dusk and from the Northern
to Southern Hemisphere near dawn. The equatorial crossings of the four satellites (F15, F16, F18, and F19) in
the dawn sector were at 0245, 0430, 0630, and 0730 LT, respectively. Because the plasma parameters vary
with latitude, we perform a second-order polynomial fit to data between ±10° magnetic latitudes and then
extract the polynomial value at the magnetic equatorial crossing to represent the ion drift there, the same
as the procedure of Huang et al. [2010a].

We now present DMSP data. Figure 2 shows the vertical ion drifts over the magnetic equator. The green line
in Figures 2a–2d represents the average ion drift over five quiet days (12–16 March) before the magnetic
storm and is used as a quiet-time reference. The variations of the quiet-time ion drift (the green line) with
UT are the variations with longitude because the data for each DMSP satellite are taken at a fixed local time
[Huang et al., 2010b]; the longitudinal variations of the ion drift are not discussed here. The red dots represent
the data when the satellites flew across the magnetic equator. Because the orbital period of the DMSP
satellites is 100min, we have only one data point over the magnetic equator every 100min.

Figure 2. (a–d) The vertical ion drift over themagnetic equatormeasured by four DefenseMeteorological Satellite Program
(DMSP) satellites near dawn and (e–h) the difference in the vertical ion drift between the magnetic storm and quiet time.
The green line represents the quiet-time reference, and the red dots represent the ion drift at equatorial crossing. The
vertical ion drift was increased in the upward direction at 0245 and 0430 LT but decreased at 0630 and 0730 LT during the
magnetic storm.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023072

HUANG ET AL. EQUATORIAL DISTURBANCE DYNAMO 7964



We are only interested in the changes of the ion drift caused by the magnetic storm. It can be seen from
Figures 2a–2d that the vertical ion drift was increased at 0245 and 0430 LT (Figures 2a and 2b) and decreased
at 0630 and 0730 LT (Figures 2c and 2d) during the storm time. Figures 2e–2h show the difference between
the ion drift (the red dots) and the quiet-time reference (the green line). Prior to the magnetic storm, the
difference vertical ion drift was small, indicating that the ion drift was stable during the quiet times. The dif-
ference vertical ion drift became quite large during the magnetic storm, which is the effect of the magnetic
storm. The maximum increase of the vertical ion drift during the magnetic storm reached 150–200m s�1 at
0245 and 0430 LT (Figures 2e and 2f), and the maximum decrease of the vertical ion drift reached ~80m s�1

at 0630 and 0730 LT (Figures 2g and 2h). The large changes in the vertical ion drift lasted for ~31 h, between
1041UT on 17 March and 1800UT on 18 March.

The vertical ion drift was increased at 0245 and 0430 LT (in the midnight-dawn sector) but decreased at 0630
and 0730 LT (in the morning sector). This polarity of the storm-induced change in the vertical ion drift is con-
sistent with dynamo electric field in numerical simulations [Richmond et al., 2003] and in other observations
[Fejer et al., 2008]. This polarity is opposite to that of penetration electric field, which causes a downward ion
drift in the midnight-dawn sector and an upward drift in the morning sector [Richmond et al., 2003; Fejer et al.,
2008; Huang, 2015].

Penetration electric field should occur in the equatorial ionosphere near dawn in this case. The data of the
F16 satellite at 0430 LT indeed show a decrease during the first intensification of the storm (the narrow yellow
bar), which may be the signature of penetration electric field. Other satellites did not appear to have caught
the penetration electric field during this relatively short period (3.5 h). Penetration electric field should also
occur during the second, longer intensification (the wider yellow bar). However, the variation of the ion drift
at the locations of all satellites is consistent with dynamo electric field, as discussed above. This does not
mean that penetration electric field did not occur during the second storm intensification. What we
measured is the total ion drift, including contribution from both penetration and dynamo electric fields.
The observations mean that dynamo electric field might have become dominant over penetration electric
field during the second intensification because the storm had occurred for several hours.

Figure 3 shows the zonal ion drift in the same format as Figure 2. The zonal drift data of the DMSP F15 satellite
had some problems and are not plotted. The difference zonal ion drift in Figures 3d–3f was small prior to the
magnetic storm and became negative (westward) during the storm time. The average zonal plasma drift
derived from the Jicamarca radar measurements is eastward at night and westward during daytime, with
the reversal at ~0600 LT [Fejer et al., 2005]. In our case, the westward ion drift during the magnetic storm
was the net effect of the magnetic storm and reached ~100m s�1, indicating that the magnetic storm caused
a westward plasma drift in both the midnight-dawn sector and the early morning sector.

Figure 4 shows the variations of the total ion density and the O+ concentration (the ratio of the oxygen ion
density to the total ion density). Again, the green lines in Figure 4 represent the average values over five quiet
days prior to the storm. In Figures 4a–4d, an increase in the total ion density occurred in themeasurements of
all four satellites, although there were some fluctuations in the data of F15 and F16 (Figures 4a and 4b). The
increase of the ion density at 0630 and 0730 LT was obvious. The variations of the O+ concentration are
depicted in Figures 4e–4h. During the quiet days, the O+ concentration at the DMSP altitude (840 km) was
smaller than 40% at 0245 and 0430 LT (Figures 4e and 4f) and 60% at 0630 and 0730 LT (Figures 4g
and 4h). In contrast, the O+ concentration became 80–90% during the storm period.

The ions at the DMSP altitude are mostly oxygen and hydrogen ions. Figures 5a–5d show the O+ density, and
Figures 5e–5h show the H+ density, respectively. The average O+ density (the green line) during the quiet
days had large UT/longitudinal variations at 0245 and 0430 LT (Figures 5a and 5b), but the UT/longitudinal
variations of the quiet-time O+ density were relatively small at 0630 and 0730 LT (Figures 5c and 5d). A
significant increase of the O+ density (red dots) was detected by all satellites during the storm time.
Figures 5e–5h show that the H+ density was decreased at all local times during the magnetic storm. The dif-
ferent variations of the O+ density and the H+ density provide information of what causes the storm-time
enhancement of the O+ concentration, which will be discussed later.

As can be seen in Figure 4e, the O+ concentration first increased for a few hours and then decreased to almost
the quiet-time value. The detailed variations of the vertical ion drift and O+ concentration measured by the

Journal of Geophysical Research: Space Physics 10.1002/2016JA023072

HUANG ET AL. EQUATORIAL DISTURBANCE DYNAMO 7965



Figure 3. (a–c) The zonal ion drift over the magnetic equator measured by three DMSP satellites near dawn and (d–f) the
difference in the zonal ion drift between the magnetic storm and quiet time. A westward zonal ion drift occurred in the
equatorial ionosphere during the magnetic storm. The zonal ion drift is positive in the eastward direction.

Figure 4. (a–d) The ion density over the magnetic equator measured by four DMSP satellites near dawn and (e–h) the ratio
of the oxygen ion density to the total ion density. The ratio of the oxygen ion density to the total ion density showed a large
increase during the magnetic storm.
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Figure 6. Comparison between the vertical ion drift and the O+ concentration measured by the DMSP satellites near dawn.
The ion drift and O+ concentration data in Figures 6e and 6f are shifted by 4 h to the left. Increases in the vertical ion drift
were well coincided with the increases in the O+ concentration.

Figure 5. (a–d) The O+ density and (e–h) the H+ density over the magnetic equator measured by four DMSP satellites near
dawn.
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DMSP F15 satellite at 0245 LT are depicted in Figure 6. Figures 6a–6c show that the sudden increases in the
vertical ion drift and the O+ concentration were detected ~4 h after the beginning of the stormmain phase. In
Figures 6d–6f, the DMSP data are shifted by 4 h to the left to compare with the variations of the SYM-H index.
There are several important features in Figures 6d–6f. (1) The sudden increases in the vertical ion drift and O+

concentration in the shifted data were aligned with the beginning of the storm main phase, suggesting that
the magnetic storm took ~4 h to create the variations in the postmidnight equatorial ionosphere. (2) The
large decreases in the vertical ion drift and the O+ concentration coincided well with the temporary recovery
of the storm activity, suggesting that no large neutral disturbances were generated during this period in the
auroral zone. (3) The variations of the vertical ion drift were well correlated with the variations of the O+ con-
centration, suggesting that the enhanced upward ion drift was an important process for the storm-time
increase of the O+ concentration at this local time.

The time delay between the beginning of the storm main phase and the storm-induced disturbances in the
equatorial ionosphere measured by the F15 satellite at 840 km altitude at 0245 LT was ~4 h. However, the
time delay varied with local time. This is because the storm surge first reaches the equatorial region in the
midnight sector and then rotates with the Earth to the morning sector. Figure 7 shows the O+ concentration
measured by the four satellites. In Figure 7b, the blue star at 0900UT on 17 March represents the equatorial
crossing of F15 without enhancement of the O+ concentration, and the blue dot at 1041UT represents the
equatorial crossing of F15 with enhancement of the O+ concentration. Because there is no measurement

Figure 7. The variation of the ratio of the oxygen ion density to the total ion density measured by four DMSP satellites near
dawn during the magnetic storm. The blue bar indicates a sudden increase in the O+ concentration. The blue star denotes
the value just before the increase, and the blue dot denotes the first elevated O+ concentration.
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within one orbital period between 0900 and 1041UT, it cannot be accurately determined when the increase
of the O+ concentration began exactly. The earliest time when the disturbances arrived at the equatorial
region could be 0900UT, and the latest time could be 1041UT. The main phase of the magnetic storm
began at 0558UT on 17 March. The shortest time delay between the beginning of the storm main phase
and the occurrence of the storm-induced enhancement of the O+ concentration in the equatorial iono-
sphere at 0245 LT was ~3 h, between 0558 and 0900UT, and the longest time delay was ~4.7 h, between
0558 and 1041UT.

Similarly, Figures 7c–7e show the time of the enhanced O+ concentration measured by other satellites. The
earliest and latest times of the O+ concentration enhancement could be 1005 and 1147UT for the F16 mea-
surements at 0430 LT, 1050 and 1232UT for the F19 measurements at 0630 LT, and 1140 and 1322UT for the
F18 measurements at 0730 LT, respectively. The storm-enhanced O+ concentration measured by F15 at
0245 LT started to decrease at 1346UT on 18March and became close to the quiet-time value at 1849UT over
a period of ~300min (three orbits of the satellite). A similar decrease of the O+ concentration over ~300min
was also detected by other satellites. The occurrence and disappearance of the enhanced O+ concentration
at different local times is consistent with rotation of the Earth but is not exactly at the speed of rotation. The
region of the enhanced O+ concentration could expand in the zonal direction and cause a shift of the bound-
ary of the region. The measured delay of the enhanced O+ concentration at different local times might
include the contribution of the boundary expansion.

3. Discussion

When we described the observations of the vertical ion drift in Figure 2 in the previous section, we addressed
that the polarity of the change of the vertical ion drift is consistent with the disturbance dynamo process. The
storm-induced vertical ion drift was upward in the midnight-dawn sector and downward in the morning sec-
tor. In the numerical simulations of Richmond et al. [2003] and the average ion drift patterns of radar and
satellite observations [Scherliess and Fejer, 1997; Fejer et al., 2008], the dynamo vertical plasma drift is upward
between midnight and dawn, which is consistent with our observations. The storm-induced zonal ion drift in
our case was westward near dawn, and this polarity is consistent with the dynamo zonal plasma drift in the
simulations of Huang and Chen [2008] and in the radar observations of Fejer et al. [2005]. The storm-induced
vertical ion drift in our case was well correlated with the variations of the O+ concentration in the postmid-
night sector, as shown in Figure 6. The enhanced O+ concentration did not occur simultaneously at all local
times but first in the postmidnight sector with the arrival of disturbance neutral winds and then at later local
times with the rotation of the Earth. All the features of the storm-induced ion drifts and O+ concentration are
consistent with the dynamo process. Therefore, we conclude that the variations of the ion drift and the O+

concentration observed by the DMSP satellites in the equatorial ionosphere near dawn were caused by
the storm-time disturbance dynamo process.

We also want to emphasize the differences between our study and previous results. The dynamo vertical ion
drift becomes nearly zero in the morning sector (0600–1200 LT) in the simulations of Richmond et al. [2003]
and in the observations of Scherliess and Fejer [1997] and Fejer et al. [2008]. Scherliess and Fejer [1997] and Fejer
et al. [2008] used the change of vertical ion drifts, from observations of the Jicamarca radar and the ROCSAT-1
satellite, in response to a step function increase of hourly AE indices to construct the dependence of
disturbance vertical ion drifts on local time. The average magnitude of the disturbance vertical ion drifts in
their observations is quite small (<15m s�1). In our case, the storm-induced vertical ion drift reached
150–200m s�1 in the midnight-dawn sector and 80m s�1 in the early morning sector. The radar measure-
ments of Scherliess and Fejer [1997] were made near the F peak (300–400 km in altitude), the ROCSAT-1 mea-
surements of Fejer et al. [2008] were made at 600 km altitude, and the DMSP measurements in our case were
made at 840 km altitude. Plasma drifts may vary with altitude in specific cases, but the altitude variation is not
expected to be very large on a statistical basis.

We suggest that the primary cause for the difference in the ion drift between our case and the studies of
Scherliess and Fejer [1997] and Fejer et al. [2008] is the strength of geomagnetic activity. The ion drifts in
our case were observed during a severe magnetic storm, with a minimum Dst of �223 nT and a maximum
AE of 1570 nT. The average patterns of Scherliess and Fejer [1997] and Fejer et al. [2008] were derived from
the change of the ion drifts in response to an increase of the AE index, with a maximum AE of 600 nT. The
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variations of the AE index are also closely related to the solar wind dynamic pressure and magnetospheric
substorms [Huang, 2005] besides magnetic storms, and the average strength of the geomagnetic activities
in Scherliess and Fejer [1997] and Fejer et al. [2008] may be much weaker than the magnetic storm in our case.

The disturbance zonal ion drift near dawn was westward and reached ~100m s�1 in our case, as can be seen
in Figure 3. Huang and Roddy [2016] studied the effects of geomagnetic activity on the zonal drift of plasma
bubbles. The zonal drift of plasma bubbles in the evening sector is eastward and, on average, ~100m s�1 dur-
ing quiet times (smallDst values) but reduced to ~40m s�1 for theDst value of�75 nT. A decrease of the east-
ward drift is equivalent to the generation of a westward drift. In other words, disturbance dynamo causes a
westward drift of ~60m s�1 when the Dst index reaches�75 nT. In the simulations of Huang and Chen [2008],
the upward dynamo electric field in the equatorial ionosphere reaches 1mV/m, approximately correspon-
ding to a westward plasma drift of 40m s�1. The geomagnetic activity in the simulations corresponds to a
Kp level of 6. In our case, Kp reached 8�, and Dst reached �223 nT. The dynamo westward ion drift of
~100m s�1 in our case is not unreasonable.

Theenhancementof theO+concentrationduring themagnetic stormisanothervery interestingphenomenon.
TheO+enhancementcouldberelated tovariationsofatomicoxygenandmolecularN2densities.Astafyevaetal.
[2015] andNava et al. [2016] reported themeasurements of theO/N2 ratio at ~1000 LT by theGlobal Ultraviolet
Imager (GUVI) during this magnetic storm. Themeasurements show that the O/N2 ratio was decreased at high
andmiddle latitudes and increasedat low latitudeson17March.However, GUVIO/N2data are availableonlyon
thedaysidebecauseGUVImeasures thespectral radianceofprincipal atomicandmolecularultravioletdayglow
emissions, and no O/N2 data are available from GUVI on the nightside. It is not certain how/whether the varia-
tionsof theO/N2 ratio in themorning sector are related to theO/N2 ratio anddisturbancewinds in thepostmid-
night sector. In theDMSPdata, theO+ concentration near dawn increased from<60%during the quiet days to
80–90% during the magnetic storm. This may be the first report of the variations of the O+ density, and H+

density, and the O+ concentration in the topside equatorial ionosphere during a magnetic storm. There are
several dynamo-related processes that can contribute to the storm-time increase of the O+ concentration.

1. The storm-enhanced thermospheric temperature in the auroral zone drives upward neutral winds at high
latitudes and results in an increase in mean molecular mass during upwelling [Fuller-Rowell et al., 1994,
1996]. The equatorward thermospheric winds transport the increased mean molecular mass toward mid-
dle to low latitudes. Downwelling at low latitudes causes a decrease in mean molecular mass. A decrease
of molecular N2 causes lower chemical reaction rate between oxygen ions and neutral N2, resulting in an
increase of the O+ density. Our observations are consistent with the simulations of Fuller-Rowell et al.
[1994, 1996]. The GUVI data presented by Astafyeva et al. [2015] and Nava et al. [2016] indeed show an
increase of the O/N2 ratio at low latitudes in the morning sector. The O+ enhancements in our study were
observed in the postmidnight sector and cannot be directly compared with the O/N2 data in the morning
sector. However, a possible scenario is that disturbance winds carrying neutral composition first arrive at
the postmidnight sector and then rotate to the morning sector, causing changes of the O/N2 ratio there.

2. Disturbance dynamo drives upward plasma drift in the postmidnight equatorial ionosphere, and the
enhanced upward plasma drift brings more F layer O+ particles to the DMSP altitude. As shown in
Figure 6, the enhancement of the O+ concentration is highly correlated with the enhanced upward ion
drift. The increase of the O+ density is expected to be generated in the postmidnight sector because of
the arrival of disturbance neutral winds and to be the largest at lower altitudes (perhaps near the F peak)
because of larger decreases of neutral N2. The enhanced O+ density may reach altitudes much higher than
the DMSP orbit because of the very large upward drift (150–200m s�1) in the postmidnight sector and
then rotates with the Earth to the dayside. The enhanced O+ density remains high in the early morning
sector although the ion drift becomes downward.

3. The increase of the O/N2 ratio in the morning sector implies an increase in the atomic oxygen density, a
decrease in the molecular N2 density, or both, and either is favorable for the generation of higher O+

density through photoionization there. The increased generation of oxygen ions will reduce or even over-
come the effect of the downward ion drift in the morning sector.

4. The charge exchange process between atomic oxygen and hydrogen ions (O+H+→O++H) produces
more oxygen ions and reduces hydrogen ions. Figure 5 shows an increase of the O+ density and a
decrease of the H+ density during the storm time, consistent with the charge exchange process.
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The performance of the ion drift meter (IVM) depends on the O+ concentration. Hairston et al. [2013] used IVM
data for storm-time ion drift when the O+ concentration was larger than 60% to ensure data quality. In our
case, the O+ concentration during the quiet days was mostly below 60%, but the storm-time O+ concentra-
tion was increased to 80–90%. The measurements of the storm-time ion drifts are reliable. The low O+ con-
centration during the quiet days prior to the magnetic storm may have some impact on the ion drift
measurements. We are only interested in the difference between the storm-time ion drift and the quiet-time
reference, and an offset in the quiet-time ion drift measurement, if any, does not affect the difference
ion drift.

The sudden enhancement of the O+ concentration in the equatorial ionosphere can be used as an indication
of the arrival of disturbance neutral winds at the postmidnight equatorial region when the dynamo process
became dominant in the ionospheric dynamics. The main phase of the magnetic storm began at 0558UT on
17 March 2015. The enhanced O+ concentration was first detected by F15 at 1041UT but not during the pre-
vious equatorial crossing at 0900UT. Disturbance neutral winds could have arrived at the postmidnight equa-
torial region at any time between 0900 and 1041UT on 17 March 2015. Therefore, a time delay of 3–4.7 h
between the beginning of the storm main phase and the arrival of disturbance winds at the postmidnight
equatorial region is identified. Despite the existence of the uncertainty of 100min (the DMSP satellites’ orbital
period), the observations provide a rough estimate of how long disturbance neutral winds take to travel from
the auroral zone to the postmidnight equatorial ionosphere.

The enhancement of the O+ concentration started to occur in the postmidnight sector at 1041UT on 17
March 2015 and became close to the quiet-time value at ~1800UT on 18 March 2015. The disturbance
dynamo process was effective for ~31 h. The storm main phase ended at 2200UT on 17 March 2015, so
the dynamo process existed for an additional 20 h in the postmidnight sector since the end of the storm.
Several processes may have contributed to the long-lasting dynamo process during the storm recovery
phase. The primary cause may be the so-called flywheel effect. Neutral disturbance winds generated during
the main phase of the geomagnetic storm can persist for a long time after the storm has ended and continue
driving significant ionospheric andmagnetospheric field-aligned currents at high latitudes and dynamo elec-
tric fields at middle and low latitudes. This process is termed flywheel effect of storm-time disturbance winds.
The persistent neutral circulation in the high-latitude E region can drive Hall currents for 4–6 h [Lyons et al.,
1985; Deng et al., 1991]. In our case, the dynamo process in the postmidnight equatorial ionosphere lasted
for 20 h after the cessation of the magnetic storm, suggesting that the flywheel effect of disturbance neutral
winds persisted for ~20 h. In addition, disturbance winds generated at high latitudes during the storm main
phase take a few hours to travel to the equatorial region, and disturbance winds may travel to earlier local
times (e.g., near midnight or even in the premidnight sector) and take a few hours to rotate to the postmid-
night sector (0245 LT for F15 measurements). However, the travel delay of disturbance neutral winds
between high and equatorial latitudes should be only a few hours and is not responsible for the occurrence
of 20 h dynamo during the recovery phase.

As can be seen from the shifted DMSP data in Figures 6d–6f, the vertical ion drift and the O+ concentration
almost decreased to the prestorm levels during the temporal recovery period at 0940–1200UT on 17 March
2015. A possible cause for the temporal decrease of the vertical ion drift and the O+ concentration is that no
large neutral disturbances were generated during the temporal recovery period. In contrast, continuous
enhancements in the vertical ion drift and the O+ concentration were observed over 20 h after the end of
the magnetic storm (the second intensification). A difference between the first and the second intensification
is the strength of the disturbance, represented by the Dst or SYM-H index. The SYM-H index reached�101 nT
at the end of the first intensification and�234 nT at the end of the second intensification. The flywheel effect
of disturbance winds could be quite short for the first intensification but became very long (~20 h) for the
much stronger, second intensification.

Huang et al. [2005] suggested that the interplanetary electric field can continuously penetrate to the equator-
ial ionosphere as long as the magnetic activity is strengthening with southward IMF. The penetration electric
field in the studies of Huang et al. [2005, 2010a] was observed on the dayside or near dusk. In the present
case, we found that the dynamo process is dominant even during the period of the second intensification
of the magnetic storm in the postmidnight and dawn sectors. As addressed by Fuller-Rowell et al. [1994],
the disturbance and background winds blow in the opposite direction on the dayside, restricting the
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equatorward penetration of the composition bulge, but in the same equatorward direction on the nightside,
allowing the composition bulge easy access to middle and low latitudes. The enhanced ion drifts and O+ con-
centration in our case were observed in the postmidnight sector. The observations suggest that disturbance
dynamo becomes dominant in the postmidnight equatorial ionosphere when disturbance neutral winds
arrive there.

4. Conclusions

We have analyzed the measurements of the DMSP satellites during the magnetic storm on 17 March 2015
and identified the characteristics of storm-time disturbance dynamo near dawn. The dynamo process caused
an upward ion drift of up to 200m s�1 in the midnight-dawn sector and a downward ion drift of up to
80m s�1 in the early morning sector. The dynamo process also caused a westward ion drift of ~100m s�1

near dawn.

The O+ concentration at the altitude of 840 kmwas significantly increased, from below 60% during quiet days
to 80–90% during the storm time. The increase of the O+ concentration was related to an increase of the O+

density and a decrease of the H+ density and well correlated with the variation of the vertical ion drift.

The sudden increase of the O+ concentration can be used as an indication of the arrival of disturbance neutral
winds at the postmidnight equatorial region. The time delay between the beginning of the stormmain phase
and the increase of the O+ concentration in the equatorial ionosphere at 0245 LT was 3–4.7 h, with an uncer-
tainty of 100min (the DMSP satellites’ orbital period).

The disturbance dynamo process, represented by the enhanced O+ concentration and ion drifts, lasted for
~31 h in the postmidnight sector, including 20 h after the cessation of the magnetic storm. The long-lasting
dynamo process during the recovery phase may be related to the flywheel effect of disturbance neutral
winds, suggesting that the duration of the flywheel effect in the postmidnight equatorial ionosphere was
20 h in this case.

References
Abdu, M. A., T. Maruyama, I. S. Batista, S. Saito, and M. Nakamura (2007), Ionospheric responses to the October 2003 superstorm:

Longitude/local time effects over equatorial low and middle latitudes, J. Geophys. Res., 112, A10306, doi:10.1029/2006JA012228.
Astafyeva, E., I. Zakharenkova, and M. Förster (2015), Ionospheric response to the 2015 St. Patrick’s Day storm: A global multi-instrumental

overview, J. Geophys. Res. Space Physics, 120, 9023–9037, doi:10.1002/2015JA021629.
Blanc, M., and A. Richmond (1980), The ionospheric disturbance dynamo, J. Geophys. Res., 85, 1669–1686, doi:10.1029/

JA085iA04p01669.
Deng, W., T. L. Killeen, A. G. Burns, and R. G. Roble (1991), The flywheel effect: Ionospheric currents after a geomagnetic storm, Geophys. Res.

Lett., 18, 1845–1848, doi:10.1029/91GL02081.
Fejer, B. G., M. F. Larsen, and D. T. Farley (1983), Equatorial disturbance dynamo electric fields, Geophys. Res. Lett., 10, 537–540, doi:10.1029/

GL010i007p00537.
Fejer, B. G., J. de Souza, A. S. Santos, and A. E. Costa Pereira (2005), Climatology of F region zonal plasma drifts over Jicamarca, J. Geophys. Res.,

110, A12310, doi:10.1029/2005JA011324.
Fejer, B. G., J. W. Jensen, T. Kikuchi, M. A. Abdu, and J. L. Chau (2007), Equatorial ionospheric electric fields during the November 2004

magnetic storm, J. Geophys. Res., 112, A10304, doi:10.1029/2007JA012376.
Fejer, B. G., J. W. Jensen, and S.-Y. Su (2008), Seasonal and longitudinal dependence of equatorial disturbance vertical plasma drifts,

Geophys. Res. Lett., 35, L20106, doi:10.1029/2008GL035584.
Fuller-Rowell, T. J., M. V. Codrescu, R. J. Moffett, and S. Quegan (1994), Response of the thermosphere and ionosphere to geomagnetic

storms, J. Geophys. Res., 99, 3893–3914, doi:10.1029/93JA02015.
Fuller-Rowell, T. J., M. V. Codrescu, R. J. Moffett, and S. Quegan (1996), On the seasonal response of the thermosphere and ionosphere to

geomagnetic storms, J. Geophys. Res., 101, 2343–2353, doi:10.1029/95JA01614.
Hairston, M. R., W. R. Coley, and R. Stoneback (2013), Vertical andmeridional equatorial ion flows observed by CINDI during the 26 September

2011 storm, J. Geophys. Res. Space Physics, 118, 5230–5243, doi:10.1002/jgra.50411.
Huang, C. M., and M. Q. Chen (2008), Formation of maximum electric potential at the geomagnetic equator by the disturbance dynamo,

J. Geophys. Res., 113, A03301, doi:10.1029/2007JA012843.
Huang, C.-S. (2005), Variations of polar cap index in response to solar wind changes and magnetospheric substorms, J. Geophys. Res., 110,

A01203, doi:10.1029/2004JA010616.
Huang, C.-S. (2008), Continuous penetration of the interplanetary electric field to the equatorial ionosphere over eight hours during intense

geomagnetic storms, J. Geophys. Res., 113, A11305, doi:10.1029/2008JA013588.
Huang, C.-S. (2015), Storm-to-storm main phase repeatability of the local time variation of disturbed low-latitude vertical ion drifts,

Geophys. Res. Lett., 42, 5694–5701, doi:10.1002/2015GL064674.
Huang, C.-S., and P. A. Roddy (2016), Effects of solar and geomagnetic activities on the zonal drift of equatorial plasma bubbles,

J. Geophys. Res. Space Physics, 121, 628–637, doi:10.1002/2015JA021900.
Huang, C.-S., J. C. Foster, and M. C. Kelley (2005), Long-duration penetration of the interplanetary electric field to the low-latitude ionosphere

during the main phase of magnetic storms, J. Geophys. Res., 110, A11309, doi:10.1029/2005JA011202.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023072

HUANG ET AL. EQUATORIAL DISTURBANCE DYNAMO 7972

Acknowledgments
C.S.H. at the Air Force Research
Laboratory was supported in part by
NASA grant NNH15AZ81I. The National
Center for Atmospheric Research
(NCAR) is sponsored by the National
Science Foundation, and W.W.
acknowledges support of NASA grants
NNX12AJ54G and NNX14AE06G. We
thank the NASA/GSFC’s Space Physics
Data Facility for providing the interpla-
netary and SYM-H data. DMSP thermal
plasma particle data are managed by
the Air Force Research Laboratory, and
the data used for this study are available
upon request.

http://dx.doi.org/10.1029/2006JA012228
http://dx.doi.org/10.1002/2015JA021629
http://dx.doi.org/10.1029/JA085iA04p01669
http://dx.doi.org/10.1029/JA085iA04p01669
http://dx.doi.org/10.1029/91GL02081
http://dx.doi.org/10.1029/GL010i007p00537
http://dx.doi.org/10.1029/GL010i007p00537
http://dx.doi.org/10.1029/2005JA011324
http://dx.doi.org/10.1029/2007JA012376
http://dx.doi.org/10.1029/2008GL035584
http://dx.doi.org/10.1029/93JA02015
http://dx.doi.org/10.1029/95JA01614
http://dx.doi.org/10.1002/jgra.50411
http://dx.doi.org/10.1029/2007JA012843
http://dx.doi.org/10.1029/2004JA010616
http://dx.doi.org/10.1029/2008JA013588
http://dx.doi.org/10.1002/2015GL064674
http://dx.doi.org/10.1002/2015JA021900
http://dx.doi.org/10.1029/2005JA011202


Huang, C.-S., S. Sazykin, J. L. Chau, N. Maruyama, and M. C. Kelley (2007), Penetration electric fields: Efficiency and characteristic time scale,
J. Atmos. Sol. Terr. Phys., 69, 1135, doi:10.1016/j.jastp.2006.08.016.

Huang, C.-S., F. J. Rich, and W. J. Burke (2010a), Storm time electric fields in the equatorial ionosphere observed near the dusk meridian,
J. Geophys. Res., 115, A08313, doi:10.1029/2009JA015150.

Huang, C.-S., F. J. Rich, O. de La Beaujardiere, and R. A. Heelis (2010b), Longitudinal and seasonal variations of the equatorial ionospheric ion
density and eastward drift velocity in the dusk sector, J. Geophys. Res., 115, A02305, doi:10.1029/2009JA014503.

Kelley, M. C., and J. Retterer (2008), First successful prediction of a convective equatorial ionospheric storm using solar wind parameters,
Space Weather, 6, S08003, doi:10.1029/2007SW000381.

Kelley, M. C., B. G. Fejer, and C. A. Gonzales (1979), An explanation for anomalous equatorial ionospheric electric fields associated with a
northward turning of the interplanetary magnetic field, Geophys. Res. Lett., 6, 301–304, doi:10.1029/GL006i004p00301.

Kelley, M. C., J. J. Makela, J. L. Chau, and M. J. Nicolls (2003), Penetration of the solar wind electric field into the magnetosphere/ionosphere
system, Geophys. Res. Lett., 30(4), 1158, doi:10.1029/2002GL016321.

Kikuchi, T., H. Lühr, T. Kitamura, O. Saka, and K. Schlegel (1996), Direct penetration of the polar electric field to the equator during a DP2 event
as detected by the auroral and equatorial magnetometer chains and the EISCAT radar, J. Geophys. Res., 101, 17,161–17,173, doi:10.1029/
96JA01299.

Kikuchi, T., K. K. Hashimoto, and K. Nozaki (2008), Penetration of magnetospheric electric fields to the equator during a geomagnetic storm,
J. Geophys. Res., 113, A06214, doi:10.1029/2007JA012628.

Kil, H., S.-J. Oh, L. J. Paxton, Y. Zhang, S.-Y. Su, and K.-W. Min (2007), Spike-like change of the vertical E × B drift in the equatorial region during
very large geomagnetic storms, Geophys. Res. Lett., 34, L09103, doi:10.1029/2007GL029277.

Lyons, L. R., T. L. Killeen, and R. L. Walterscheid (1985), The neutral “flywheel” as a source of quiet-time, polar cap currents, Geophys. Res. Lett.,
12, 101–104, doi:10.1029/GL012i002p00101.

Maruyama, N., A. D. Richmond, T. J. Fuller-Rowell, M. V. Codrescu, S. Sazykin, F. R. Toffoletto, R. W. Spiro, and G. H. Millward (2005), Interaction
between direct penetration and disturbance dynamo electric fields in the storm-time equatorial ionosphere, Geophys. Res. Lett., 32,
L17105, doi:10.1029/2005GL023763.

Maruyama, N., et al. (2007), Modeling storm-time electrodynamics of the low latitude ionosphere-thermosphere system: Can long lasting
disturbance electric fields be accounted for?, J. Atmos. Sol. Terr. Phys., 69, 1182, doi:10.1016/j.jastp.2006.08.020.

Nava, B., J. Rodríguez-Zuluaga, K. Alazo-Cuartas, A. Kashcheyev, Y. Migoya-Orué, S. M. Radicella, C. Amory-Mazaudier, and R. Fleury (2016),
Middle- and low-latitude ionosphere response to 2015 St. Patrick’s Day geomagnetic storm, J. Geophys. Res. Space Physics, 121, 3421–3438,
doi:10.1002/2015JA022299.

Nishida, A. (1968), Coherence of geomagnetic DP2 fluctuations with interplanetary magnetic variations, J. Geophys. Res., 73, 5549–5559,
doi:10.1029/JA073i017p05549.

Ramsingh, S. Sripathi, S. Sreekumar, S. Banola, K. Emperumal, P. Tiwari, and B. S. Kumar (2015), Low-latitude ionosphere response to super
geomagnetic storm of 17/18 March 2015: Results from a chain of ground-based observations over Indian sector, J. Geophys. Res. Space
Physics, 120, 10,864–10,882, doi:10.1002/2015JA021509.

Richmond, A. D., C. Peymirat, and R. G. Roble (2003), Long-lasting disturbances in the equatorial ionospheric electric field simulated with a
coupled magnetosphere-ionosphere-thermosphere model, J. Geophys. Res., 108(A3), 1118, doi:10.1029/2002JA009758.

Scherliess, L., and B. G. Fejer (1997), Storm time dependence of equatorial disturbance dynamo zonal electric fields, J. Geophys. Res., 102,
24,037–24,046, doi:10.1029/97JA02165.

Senior, C., and M. Blanc (1984), On the control of magnetospheric convection by the spatial distribution of ionospheric conductivities,
J. Geophys. Res., 89, 261–284, doi:10.1029/JA089iA01p00261.

Spiro, R. W., R. A. Wold, and B. G. Fejer (1988), Penetration of high-latitude-electric-field effects to low latitudes during SUNDIAL 1984, Ann.
Geophys., 6, 39.

Tulasi Ram, S., et al. (2016), Duskside enhancement of equatorial zonal electric field response to convection electric fields during the St.
Patrick’s Day storm on 17 March 2015, J. Geophys. Res. Space Physics, 121, 538–548, doi:10.1002/2015JA021932.

Vasyliunas, V. M. (1970), Mathematical models of magnetospheric convection and its coupling to the ionosphere, in Particles and Fields in the
Magnetosphere, edited by B. M. McCormac, pp. 60–71, D. Reidel Publ., Dordrecht, Holland.

Wang, W., J. Lei, A. G. Burns, M. Wiltberger, A. D. Richmond, S. C. Solomon, T. L. Killeen, E. R. Talaat, and D. N. Anderson (2008), Ionospheric
electric field variations during a geomagnetic storm simulated by a coupled magnetosphere ionosphere thermosphere (CMIT) model,
Geophys. Res. Lett., 35, L18105, doi:10.1029/2008GL035155.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023072

HUANG ET AL. EQUATORIAL DISTURBANCE DYNAMO 7973

http://dx.doi.org/10.1016/j.jastp.2006.08.016
http://dx.doi.org/10.1029/2009JA015150
http://dx.doi.org/10.1029/2009JA014503
http://dx.doi.org/10.1029/2007SW000381
http://dx.doi.org/10.1029/GL006i004p00301
http://dx.doi.org/10.1029/2002GL016321
http://dx.doi.org/10.1029/96JA01299
http://dx.doi.org/10.1029/96JA01299
http://dx.doi.org/10.1029/2007JA012628
http://dx.doi.org/10.1029/2007GL029277
http://dx.doi.org/10.1029/GL012i002p00101
http://dx.doi.org/10.1029/2005GL023763
http://dx.doi.org/10.1016/j.jastp.2006.08.020
http://dx.doi.org/10.1002/2015JA022299
http://dx.doi.org/10.1029/JA073i017p05549
http://dx.doi.org/10.1002/2015JA021509
http://dx.doi.org/10.1029/2002JA009758
http://dx.doi.org/10.1029/97JA02165
http://dx.doi.org/10.1029/JA089iA01p00261
http://dx.doi.org/10.1002/2015JA021932
http://dx.doi.org/10.1029/2008GL035155


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


