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ABSTRACT 

We analyze the ROCSAT-1 IPEI data collected between March and 
June 1999 to study the statistical features of the ion vertical drifts at equa­
torial and tropical latitudes. The dependencies of ion vertical drifts on lo­
cal time, longitude and georn�gnetic field configuration, as well as geomag­
netic activity are examined. The variations of the equatorial vertical drifts 
near the dawn and dusk terminators are of particular interest. From this 
preliminary study, we have shown that the overall local-time characteris­
tics of the quiet-time equatorial vertical drift patterns derived from IPEI 
are in good agreement with those observed by other satellites and ground­
based instruments. More importantly, several new results due to the unique 
35° orbital inclination of ROCSAT-1 and the 100% duty-cycle operation of 
IPEI are found. These include: (a) enhanced upward ion drifts to a critical 
level of 30-60 mis at post-sunset hours strongly correlate with the occur­
rence of rising bubbles in the pre-midnight local time sector; (b) large(> 
300 m/s) downward ion drifts are most often found near sunrise and at 
longitudes where the geomagnetic field has greatest variations; (c) the sta­
tistical drift patterns strongly depend on the hemispheres at the equatorial 
anomaly latitudes. This north-south asymmetry may result from seasonal 
effects and/or from differences in geomagnetic field configuration. 

(Key words: Prereversal enhancement, Equatorial plasma bubble, 

Sunrise ion drift, Equatorial anomaly ion motion) 

1. INTRODUCTION 

The ROCSAT-1 mission is talcing place during the active phase of Solar Cycle 23. As 
ROCSAT-1 is maintained in a circular orbit at an altitude of 600 kilometers, and an orbital 
inclination of 35 degrees, observations with global coverage in local time and longitude are 
available every 52 days. The on board Ionospheric Plasma and Electrodynamics Instrument 
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(IPEI) consists of 4 sensors to take in-situ measurements of ion density, temperature, compo­
sition and drift velocity over a large dynamic range with high sensitivity. Furthermore, since 
the IPEI payload is normally operated with a 100% duty cycle, the ROCSAT-IPEI can provide 
a fairly complete set of ion drift data for the low-latitude ionosphere during its mission life­
time. We therefore plan to use the ROCSAT-IPEI data set to compile a global electric field 
model for the solar maximum condition. The standard approach to develop an empirical model 
is to first find the statistical patterns and their controlling parameters. Since many reports 
concerning the statistical characteristics of equatorial ion vertical drifts have been published 
[e.g., Coley et al., 1989; Fejer et al., 1995; and Scherliess and Fejer, 1999], we focus on the 
vertical drift statistics for direct comparison with these reports. As the first step of developing 
a global electric field model at an altitude of 600 km, we analyze four months of ion velocity 
data from ROCSAT-IPEI to study the statistical patterns. 

2. INSTRUMENT AND ION DRIFT VECTOR 

The IPEI instrument consists of two packages: the Sensor Electronics Package (SEP) and 
the Main Electronics Package (MEP). The SEP contains an ion trap (IT), two ion drift meters 
(IDM), a retarding potential analyzer (RPA), and associated sensor electronics. The MEP con­
tains a data processing unit, power supply, and spacecraft interface circuits. Figure 1 delin­
eates the system configuration of the IPEI payload. The design of the IPEI drift meters is 
similar to those flown on the AE and DE satellites. The principles of the measurement tech­
nique used by the University of Texas at Dallas (UTD) to develop the IPEI drift meters have 
been reviewed by Hanson and Heelis [1975]. As shown in Fig. 1, the instrument (IPEI) frame 
of reference is defined: the positive X-axis in the ram direction of the IPEI aperture plane, the 
positive Z-axis in the nadir (pointing radially inward to the Earth) and the Y-axis complete a 
right-handed coordinate system. The ion drift meter measures arrival angles of ions with re­
spect to the sensor looking direction (i.e., the positive X-axis of the IPEI coordinate frame). 
The two ion drift meters are placed along the Y-axis of the IPEI Y-Z plane. The+ Y drift meter 
( + YDM) and -Y drift meter (-YDM) are physically identical and either one can be configured 
to measure either the horizontal CV) or vertical (V) drift component or to alternate between 
the two. The derivations of V and V from arrival angle measurements can be found in the 
report by Yeh [1998]. Combining v: and V, measurements with Vx derived from the RPA 
data the ion drift vectors in the IPEI frame of reference can be obtained. 

To study the ionospheric electrodynamics, it will be frequently desirable to resolve the 
observed ion drifts into their components, which are parallel and perpendicular to the mag­
netic field. It is also important to describe the ion drifts in terms of their components, which 
are parallel to the east-west, north-south, and up-down directions of the geodetic coordinates, 
for the convenience of comparison with vast numbers of observations from ground-based 
instruments. Converting an ion drift vector in the sensor frame to that in the geodetic (geo­
graphic) coordinate frame requires rotation matrices that can remove the imperfect alignment 
between IPEI and the spacecraft body, the contributions of satellite motion and the contribu­
tion of corotation with the Earth. 
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Fig. 1. System configuration of the IPEI payload with the sensor electronic 
package (SEP) on the left and the main electronic package (MEP) on the 
right. The instrument coordinates are defined as shown at the bottom of 
the figure. An observer facing the instrument sees "+ Y" towards the left 
and "+Z" downwards. The two drift meters are along the Y-axis. The 
ion trap (IT) and RPA (at +Z) are along the Z-axis. 
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Figure 2 summarizes the required coordinate transfonns from/to the IPEI reference frame. 
As the IPEI sensor was aligned within 0.5 degree of the three spacecraft reference axes, the 
small deviations between the instrument coordinate system (IPEI) and the spacecraft bus coor­
dinate system (SBC) do not significantly affect the ion drift measurements. To remove the 

· contributions of the satellite attitude motion, we need to transform the !PEI ion drift vectors to 
those in terms of the RPY coordinates. The Roll-Pitch-Yaw (RPY) coordinate system is an 
orbit-defined coordinate system, and is also called the Local Vertical I Local Horizontal (LVLH) 
system. The coordinates of this system maintain their orientations r�lativ� to the Earth as the 
spacecraft moves in its orbit. The three axes of the RPY system are defined as follows: the 
yaw-axis is directed toward the nadir; the pitch-axis is directed to the negative orbit normal; 
and the roll-axis is perpendicular to the other two. In a perfectly circular orbit, the roll axis is 
along the spacecraft velocity vector. The roll, pitch, and yaw angles (r, p, y) are defined as the 
right-handed rotations about their respective axes. The temporal variations of these Euler 
angles (r, p, y) describe the spacecraft attitude motion, and are controlled to be less than 0.1 
degrees for the ROCSAT-1. When the Euler angles are known, the rotation matrix can be 
constructed for the coordinate transform between the SBC and RPY systems. The construc­
tion of the rotation matrix that relates the RPY coordinates to those of the Earth-centered 
inertial (ECI) coordinate system requires the satellite velocity and position vectors to be known 
in the ECI system. The contributions of satellite motion can be completely removed when the 
IPEI drift vectors are transformed into the ECI drift vectors. Further coordinate transfonn into 
the Earth-centered fixed (ECF) coordinate system is required to remove the Earth corotation 
contribution to the IPEI drift vectors. As discussed in Su et al. [1999], the corotation contribu­
tion to the IPEI V can be calculated using their Equation (1), and has the maximum value of 

y 

293 mis at the equator and zero contribution in the high-latitude extremes ( ± 35°) of the satel-
lite orbit. The corotation has essentially no effect on the !PEI V, measurement since it has no 
radial component. In a circular orbit, the contribution of satellite motion to the !PEI V mea-

' 

surement is also negligible if the attitude motion is well controlled. 

Using the orbit and attitude data files provided by the Science Control Center (SCC) of 
the National Space Program Office (NSPO), we are able to construct the rotation matrices 
required to perform the coordinate transforms outlined in Fig. 2 to the ECF or the geodetic 
(GED) coordinate system. Furthermore, the geomagnetic field vectors in terms of GED (or 
ECF) coordinates can be derived from the updated International Geomagnetic R eference Field 
(IGRF95) model. The decomposition of the GED (or ECF) drift vectors into their components 
parallel (V pa.) and perpendicular (V pcrp) to the magnetic field vectors can then be performed. 

As discussed above, the corresponding ion drift vectors in other coordinate systems of 
interest can be easily derived when the rotation matrices between them are known. However, 
the resolution of V x data depends on the period of the RPA retarding potential sweep cycle, 
which has a typical resolution of two data points per second. Moreover, since V is one of 

• 

several parameters to be inferred from a nonlinear modeling of an RPA I-V curve, it may be 
fixed at an estimated value when the 1-V curve exhibits H+ rich characteristics. In such case 
that the V x data is not available, it will be necessary to make assumptions to complete the 
transform of an ion drift vector in terms of IPEI coordinates into one in terms of geodetic 
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Fig. 2. Coordinate transforms required to derive ion drift vectors of geophysical 
interest: the instrument (!PEI), spacecraft bus coordinate (SBC), local 
vertical and local horizontal (L VLH) or roll-pitch-yaw (RPY) coordi­
nate , and earth-centered inertial (ECI), earth-centered fixed (ECF) and 
the geodetic (GED) coordinate systems. 
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coordinates. For these reasons, a statistical study of ion drift in the geodetic (geographic) 
coordinate frame will be postponed until we have polished the modeling algorithms for the 
RPA data to obtain a larger data set of Vx. 

3. VERTICAL DRIFT OBSERVATIONS 

Vertical plasma drifts play an important role in the electrodynamics of the low-latitude 
ionosphere [e.g., Fejer, 1991, 1997] and have significant effects on the generation and evolu­
tion of equatorial plasma irregularities [Kil and Heelis, 1998; Fejer et al., 1999]. Here we 
analyze four months (March-June, 1999) of ion vertical drift (V.) data from ROCSAT-1 to 
study their statistical patterns. As the contributions from satellite motion and the earth's 
corotation to the V, values in the sensor reference frame are expected to be small, we will not 
perform the coordinate transforms on the V, data, but will treat the !PEI V, data directly as the 
drift measurements of the component parallel to the Z-axis of the geodetic frame. It is noted, 
however, that a positive V, indicates a downward flow in the IPEI frame. In the following 
figures, we plot -V z as the vertical coordinate such that the upward direction corresponds to the 
upward flow. Moreover, since V, is approximately perpendicular to the geomagnetic field at 
equatorial latitudes, the statistical pattern of V,_ is essentially equivalent to the statistical pat­
tern of zonal electric field there. 

3.1 Data Base 

As ROCSAT-1 orbits can cycle through all solar local times and geographic longitudes 
every 52 days, and since IPEI is operated nearly at a 100% duty cycle, the set of V, data 
collected during the four months is just large enough to investigate the local time and longitu­
dinal variations. The four-month data set is first separated according to the Kp index into quiet 
time (Kp < 3) and disturbed time (Kp > 4+) subsets. The disturbed time data set is fairly small 
and has data gaps for some longitudes and local times. Though detailed analyses of the dis­
turbed time data set will not be performed, this data set will be used for reference whenever 
needed. The quiet time data set, on the other hand, has good data coverage over all longitudes 
and local times. This data set is further categorized according to their corrected geomagnetic 
latitudes (CGM) [Gustaffsson et al., 1992] into groups for the equatorial latitudes (ICGMI < 
5°), the equatorial ionization anomaly (BIA) latitudes (10" < ICGMI < 20°) and the low-middle 
l�titudes (20° < ICGMI < 50"). These latitude ranges are applied to both geomagnetic hemi­
spheres. Further separation of the data sets by solar flux conditions will not be possible using 
only the four-month data. 

3.2 Local Time Variations of V. at Equatorial Latitudes 

To investigate the local time variations, the equatorial latitudes data sets are further grouped 
separately into 48 local time bins. The data are averaged in each of the 0.5-hour bins. Figure 
3 presents these averaged V, values as a function of local time for both quiet time and dis­
turbed time conditions. Coarsely, the vertical drifts are upward in the daytime and downward 
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(bottom). Large error bars in the quiet pattern probably reflect the em­
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at nighttime for both quiet and disturbed conditions if we discount the local time bins that have 
small data number in the case of disturbed condition. Nighttime downward drifts during the 
disturbed conditions generally have larger amplitudes than those during the quiet time condi­
tions. In contrast, the daytime upward drifts have larger amplitudes during the quiet condi­
tions. The local time variations of the quiet time pattern are most pronounced near the termi­
nators. Unusually large downward drifts are found at dawn (near sunrise local time). These 
perhaps result in a larger average value of V .,_than that reported by other observations [e.g., 
Fig. 4 of Scherliess and Fejer, 1999]. Examining the coincident RPA I-V spectra, we found 

that the proton (H+) is usually the dominant ion species where large downward drifts are mea­
sured. In the H+ rich plasma, the measurements of ion drift meters are less accurate if the H+ 
repeller were not applied. Looking into the evening features of the quiet time pattern, upward 
drifts were seen to extend beyond 2200 hours LT. It is difficult to uniquely determine the 
evening reversal time from this pattern. This probably results from the fact that we include the 
large upward drifts associated with spread F structures into the statistics to compute the aver­
age values. 

Figure 4 presents another view of the statistical pattern of vertical drift as a function of 
local time by excluding the vertical drift measurements associated with proton-rich (H+% > 
80%) and spread F structures from the quiet time data set. If we allowed the deviations result­
ing from altitudinal, seasonal and solar activity dependencies, the characteristics of Fig. 4 
more closely resemble those reported by Scherliess and Fejer [ 1999] who based their research 
on a much larger set of Jicarmarca radar and AE-E satellite data. In Fig. 4 the morning (dawn) 
reversal from the nighttime downward drift to the daytime upward drift occurs at about 0530 
LT and the evening (dusk) reversal occurs at 1930 LT. The daytime maximum drift is seen 
between 0900 and 1200 LT with amplitudes of 25- 30mls. These values agree well with those 
of Scherliess and Fejer [ 1999] who concluded that the morning reversal times and the daytime 
drift have little dependence on altitude or solar activity. The prereversal enhancements (- 12 
mis) were seen at around 1830 LT. The amplitudes of these prereversal enhancements are 
considerably smaller than the other equatorial ground-based observations at lower altitudes 
and at selected longitudes. The evening vertical drifts and reversal times are expected to have 
large variations with longitude, solar flux, and season during the solar maximum conditions. 
The discrepancies between the ROCSAT-1 and other observations may be resolved when we 
have a larger data set. 

3.3 Evening Prereversal Vertical Drift Enhancement and Equatorial Fast Rising Bubbles 

Many studies have related the generation of equatorial spread F structures at early night 
hours with the prereversal enhancement of evening plasma vertical drifts. Hanson et al. 
[1997] have suggested that irregularity formation in the lower F region during a period of post 

sunset enhanced electric fields (upward vertical drift) will cause magnetic flux tubes of de­
pleted plasma to accelerate upward to explain the observations of fast rising bubbles by DMSP 
satellites at an altitude of 800 km. Furthermore, Fejer et al. [ 1999] based their study on the 
observations of the 3-m equatorial spread F irregularities over Jicarmarca to conclude that 
upward drift 'velocities larger than about 15-20 mis can lift the bottomside unstable layer to 
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altitudes where the gravitational drift term is dominant in the growth rate of the Rayleigh­
Taylor instability. The evolution of this instability leads to wide and strong scattering regions 
and often gives rise to radar plumes (bubbles) extending into the topside ionosphere. The peak 
upward drift velocities required for the generation of strong spread F, however, depend on the 
solar flux conditions (e.g., about 40-45 mis for Fl 0.7-cm =200). It is therefore interesting to 
examine whether the correlation between the evening prereversal enhancement of vertical 
drift and the occurrence of fast rising bubbles exists at the ROCSAT-1 altitude (600 km). 

Two time intervals which are under approximately the same solar flux conditions (with 
average Fl 0. 7-cm = 105) are selected for this study. During the first interval, 20 March to 29 
March 1999, ROCSAT-1 observed fast rising bubbles on almost all passes. In contrast, only a 
few bubble structures were observed during the second time interval, 20 April to 29 April 

1999. Figure 5 presents the scatter plots of vertical drift versus local time in the 1700 to 2100 
LT range for the two selected time intervals. The scatter plot for the second interval (right 
panel of Fig. 5) does not include the data of the passes where ROCSAT-1 saw bubble struc­
tures. The left panel is characterized by the large upward drifts associated with fast rising 
bubbles riding on the downward turning background drift at local times later than 1900 LT. 
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The drift reversals all occur at local times of about 1900 to 1930 LT. The upward ion drifts 
at local times (around 1830 LT) about 0.5 hours prior to the reversals were enhanced to a level 
of about 30-60 mis. In contrast, we do not see the bulk upward drift enhancement in the right 
panel. Figure 5 reconfirms that the evening upward drift enhancement can be a precursor 
signature of the fast rising bubbles. As fast rising bubbles most likely consist of intense small­
scale irregularities (e.g., as in Yeh et al, 1999), they may significantly perturb radio signals, 
and thus place constraints on communication links. 

3.4 Longitudinal Variations at Dawn 

As noted in Figs. 3 and 4, the vertical drift patterns vary greatly at dawn (i.e., 0400- 0600 
LT). In particular, the magnitudes of downward flow near the morning reversal are much 
larger than those observed by the AB satellite and the Jicarmarca radar at lower altitudes and in 
the more limited longitude range. Since ROCSAT-1 has good data coverage over longitudes, 
we further examine the longitudinal variations of the vertical drift patterns in the dawn sector. 
Figure 6 is a scatter plot of the quiet time equatorial vertical drift as a function of longitude. 
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From this plot we found that the morning vertical drift reversal times are within the 0400 to 
0600 LT range for almost all longitudes. Large downward drift is seen at the longitudes 
between 50°W and 100°E where the geomagnetic field has the greatest variations [Gustafsson 
et al., 1992]. Large ( 200m/s) upward drifts was limited to the longitudes between 50°W and 
30°E. The ion vertical drift varies greatly in both the up and down directions near the South 
Atlantic magnetic anomaly. With the additional composition information derived from RPA 
data we suggest that the large downward flow at dawn is associated with the descending H+ of 
the protonsphere (or plasmasphere) originally above the ROCSAT-1 altitude. Detailed analy­
ses of the longitudinal dependencies, in particular near the South Atlantic magnetic anomaly, 
will be pursued in a later paper. 

3.5 Local Time Variations of Vertical Drifts at Equatorial Anomaly Latitudes 

Based on the empirical locations of the equatorial ionization anomaly (EIA) regions, we 
define the equatorial anomaly latitudes to be discussed here as the latitudes between 10° and 
20° CGM. The same latitude range is applied to both hemispheres though hemispheric asym-
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metry may exist. Again, the vertical drift observed at these latitudes is grouped separately 
into 48 local time bins for the quiet time and disturbed time conditions. The vertical drifts are 
averaged within each of the 48 bins. Figure 7 shows how these averaged vertical drifts vary 
with local times. The EIA patterns are essentially similar to the equatorial patterns shown in 
Fig. 3, except for the local times between 1500 and 2200 LT. Since the equatorial fast rising 
bubbles are most often seen in the evening hours, while the off-equator ionization anomalies 
are most pronounced in the late afternoon, the differences between the two patterns in the 
afternoon to post sunset hours may be expected. 

We further separate the quiet-time EIA vertical drift data by hemisphere to examine the 
magnetic field control and seasonal effect on their local time variations. The resultant patterns 
of the vertical drift versus local time are presented in Fig. 8. As can be seen, remarkable 
differences exist between the northern and southern hemisphere patterns. In the local time 
hours from 1500 LT through midnight to dawn, the southern hemisphere vertical drift is all 
downward. On the other hand, the northern hemisphere vertical drift is upward and weaker. 
At EIA latitudes the geomagnetic field has significantly larger dip angles, and has different 
configurations in the different hemispheres. The ion vertical velocity has drift components 
parallel and perpendicular to the geomagnetic field. As the EIA phenomenon is the result of a 
fountain effect, we expect to see downward ion motion along the magnetic field lines at the 
crest EIA latitudes. The differences between the northern and southern hemisphere patterns 
may reflect the seasonal variations of the EIA ion motion, that is, the EIA ions are more 
dynamic in the fall and winter seasons. They may also reflect the asymmetrical locations of 
the EIA regions with respect to the magnetic equator. To obtain more significant statistics of 
the EIA ion dynamics, we need to include the three-component measurements (V , V , and V ) x y z 

of the drift vectors and describe the drift velocities in a geomagnetic field-oriented coordinate 
system. 

4.SUMMARY 

Using ion vertical drift data obtained in only four months from IPEI, we have validated 
several statistical features at equatorial latitudes, that were derived from the accumulated radar 
and satellite data over long duration. These include the local time dependence, longitudinal 
variations and geomagnetic activity dependence of ion vertical drift. 

A good correlation between the post-sunset upward drift enhancements and the occur­
rence of fast bubbles at pre-midnight local times is found in the IPEI data. The threshold 
enhancement of the upward vertical drifts may be treated as a precursor signature of the for­
mation of intense small-scale plasma irregularities in the upper ionosphere. The prediction of 
the occurrence of fast bubbles is an interesting subject of space weather research. It is there­
fore important to find out the critical values of the prereversal vertical drift enhancement re­
quired for the occurrence of fast rising bubbles under various space environment conditions, 
once more data can be added to the statistics. 

The origin of large downward ion flow observed at sunrise local time and at longitudes 
near the South Atlantic magnetic anomaly is worth further investigation. The details of the 



200 
150 
100 

I\ 50 l 
"E 0 � 
a. 
::i -50 

,...::, ].-100 
� -150 

-200 
-250 
·300 0 

Yeh et al. 

1999 March-June Vertical Dritts at EIA Latitudes (1 o < CGM-LAT < 20 deg) 

.. 

5 

Quiet (Kp < 3} 

10 15 
Local Time (hour} 

20 

1999 March-June Vertical Drifts at EIA Latitudes (10 < CGM-LAT < 20 deg) 100 .-----..-------..---------,------.-----, 
50 · · · · · · · · · · · · · ·  

0 

� -50 
I-100 
::i -150 

�-200 
� -250 

·300 
-350 

Disturbed (Kp > 4�) 

-400 '--------'-'---------'-_.;_-----'-------'------' 0 5 10 15 
Local Time (hour} 

20 

Fig. 7. Local time variations of the averaged ion vertical drifts observed at the 
equatorial ionization anomaly (EIA) latitudes ( 10" - 20" CGM) of both 
hemispheres. Noticeable differences exist between the equatorial pat­
terns of Figure 3 and the EIA patterns in the late afternoon through pre­
midnight hours. 

817 



818 

200 

150 

100 

/\ 50 I 
� 

0 � 
c. 
::J -50 

� -100 
-

� -150 

-200 

-250 

-300 
0 

TAO, Vol. JO, No. 4, December 1999 

1999 March-June Quiet Time Vertical Drifts at EIA Latitudes 

5 

North Hemisphere • 

Kp•< 3_ ...... . 

10 15 
Local Time (hour) 

20 

1999 March-June Quiet Time Vertical Drifts at EIA Latitudes 
200r-����.-����-.���-,---,�����,--��---. 

150 

100 

. . . . . . . . . . . .  ·, . · · · · · · · · · ·  

1 50 

� 

� 
::J -50 

I -100 

� -150 ... 

-200 

-250 

�opth .�.ernispher.�: . .  _ . . . .  

Kp:< 3 

-300---����--����-'-����--'�����-'--��� 
0 5 10 15 

Local Time (hour) 
20 

Fig. 8. Hemisphere dependence of the quiet-time vertical drift versus local time 
at the BIA latitudes. The southern hemisphere pattern is stronger than, 
but opposite in direction to, that of the northern hemisphere in the late 
afternoon through the nighttime hours. 
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longitudinaldependence of ion drift for all local times will be studied to take advantage of 

good longitudinal coverage of the ROCSAT-1 orbit. 
Due to its 35" inclination orbital motion, the ROCSAT-IPEI can provide, probably for the 

first time, a large set of ion velocity data over the equatorial ionization anomaly (EIA) regions. 
We are interested in identifying the statistical features of ion drift at the EIA latitudes since 
previous observations at these latitudes are scarce. The observed hemispherical dependence 
of the EIA ion drift patterns suggests the necessity of taking seasonal effects into consider­
ation, and of resolving the ion drift vectors into their components which are perpendicular and 
parallel to the geomagnetic field, before any further statistical analysis is pursued. 

A larger data set is required to improve our investigations of the disturbed-time statistics 
and the solar flux dependency of ion drift patterns. As the IPEI data are accumulated we will 
continue the statistical analyses of ion drift data to understand better the controlling param­
eters and processes of the statistical patterns. 
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