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Abstract A statistical study of ion upflow and field‐aligned currents (FACs) has been performed in the
topside ionosphere of both hemispheres for magnetic quiet and disturbed times by using DMSP satellite
observations from 2010–2013. Distributions in MLT/MLat reveal that ion upflow occurrence shows a
dawn‐dusk asymmetry distribution that matches well with the Region 1 FACs. In addition, there are highest
occurrence regions near noon and within the midnight auroral disturbance area, corresponding to dayside
cusp and nightside auroral disturbance regions, respectively. Both the ion upflow occurrence and FAC
regions expand equatorward to a wider area during disturbed times.

1. Introduction

It is a common view that the ionosphere andmagnetosphere are coupled through the plasma convection and
currents. Additionally, the high‐latitude ionosphere is an important source of magnetospheric plasma, and
ion upflow plays a significant role in the coupled ionosphere‐magnetosphere system (Chappell, 1988;
Chappell et al., 2000; Horwitz & Moore, 1997; Moore et al., 1999; Shelley et al., 1972, 1976a, 1976b). Ion
upflow can occur from 200 km altitude to several Earth radii (RE) (Abe et al., 1993; Li et al., 2012, 2013;
Liu et al., 2001; Nilsson et al., 2013; Ogawa et al., 2009), especially in the aurora oval and cusp region
(Andersson et al., 2004; Coley et al., 2006; Heelis et al., 1992; Loranc et al., 1991; Øieroset et al., 1999), with
maximum occurrence near magnetic noon and midnight (Ogawa et al., 2009, 2010). Distributions of ion
velocity, ion temperature, and occurrence rate of ion upflow have also been studied (Abe et al., 1993;
Endo et al., 2000). Studies reveal that there is a greater probability of observing ion upflow events on the
nightside than on the dayside (Zhao et al., 2017), and the occurrence rate is highest for high geomagnetic
activity (Coley & Heelis, 2009; Zhao et al., 2014, 2016). There is also a dawn‐to‐dusk asymmetry, with a
higher occurrence of ion upflow on the dawn side than on the dusk side during quiet times and a higher
occurrence on the dusk side than on the dawn side during storm time (Liang, 2006; Liu et al., 2001).

Different generation mechanisms of ion upflow have been investigated through observations and simula-
tions (Horwitz & Moore, 1997; Liu et al., 2001; Qing‐He et al., 2016; Zhang et al., 2017). These mechanisms
include (1) Joule dissipation; (2) increased upward ambipolar electric field with soft electron precipitation;
(3) heating due to convection shear; (4) ring current ion precipitation (Ganguli et al., 1994; Heelis et al., 1993;
Liu & Lu, 2004; Strangeway et al., 2005; Whitteker, 1977; Yeh, 1990).

Field‐aligned currents (FACs), which couple themagnetosphere and ionosphere, were first proposed in 1908
(Birkeland, 1908) and were first observed by spacecraft in 1966 (Zmuda et al., 1966). Iijima and
Potemra (1976) separated the high‐latitude current system into Region 1 FACs, which flow into the iono-
sphere on the dawn side and out of the ionosphere on the dusk side, and Region 2 FACs, which are located
further equatorward and flow reversely to Region 1. There is also some evidence that the FAC distribution
may have a morning‐afternoon asymmetry based on EISCAT incoherent‐scatter radar observations
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(Fontaine & Peymirat, 1996). Shi et al. (2010) also found some asymmetries between the Northern and
Southern Hemispheres.

The FACs are important for the transport of energy and momentum from the solar wind to the
magnetosphere/ionosphere They are also important for Joule and particle heating, which are known to gen-
erate ion upflow (Akasofu & Kan, 2013; Fujii et al., 1990; Gurnett & Frank, 1973; Potemra, 2013; Torbert
et al., 1981). However, to our knowledge, no study has yet documented a statistical relationship between
FACs and ion upflow. Despite many statistical and event studies on either ion upflow or FACs (Shen
et al., 2016), there is still a knowledge gap regarding the occurrence of ion upflow in relation to FACs during
magnetic quiet and disturbed times. Nevertheless, the relationship between FACs and ion upflow is essential
for a deeper understanding of magnetosphere‐ionosphere coupling. In this paper, we therefore utilize DMSP
satellite data during magnetic disturbed and quiet times to study the statistical andmorphological character-
istics of, and relationships between, ion upflow occurrence and FACs in both hemispheres during a 4‐year
period (2010 to 2013).

2. Data and Method
2.1. Data Processing

The DMSP satellites operate in sun‐synchronous polar orbits at about 850 km altitude, with 98.7° inclination
and orbital period of approximately 101 min. The data used in this study come from DMSP F16 and include
the following data sets: (1) special sensor for ions, electrons, and scintillation (SSIES) that provide density,
temperature, and velocity data at 4 s time resolution for the thermal plasma in the topside ionosphere; (2)
Special Sensor for Precipitating Particles (SSJ‐4) that provide fluxes and energy spectra of precipitating elec-
trons and ions at 1 s time resolution in the energy range of 30 eV to 30 keV in logarithmically spaced energy
steps (Hardy et al., 1984); (3) spatial magnetic field detectors (SSM) that consist of triaxial fluxgate magnet-
ometers that measure the magnetic field fluctuations in a range of ±65,535 nT and resolution of 1 s and 2 nT
(Rich & Hairston, 1994).

The FAC is derived by performing a minimum variance analysis (MVA) to determine the field‐aligned coor-
dinates of the SSM data, where l, m, and n are along the maximum, intermediate, and minimum variance
directions, respectively (Khrabrov & Sonnerup, 1998a, 1998b; Sonnerup & Jr, 1967). We also assumed that
the FAC is a stable current sheet during the satellite crossing (Luhr et al., 1996). After conversion to
field‐aligned coordinates, the FAC can be calculated by subtracting the IGRF model magnetic field and
usingAmpere's law to solve the curl‐B equation. For single‐pointmeasurements likeDMSP, Luhr et al. (1996)
and Wang et al. (2005) suggested converting the observations into spatial gradients by considering the velo-
city and assuming stationary of the current during the satellite passage. The dBm is zero under the SSM coor-
dinates and a thin current sheet assumption. The FAC can then be derived as the following:

μ0j== ¼ ∇ × Bð Þ== ¼
dBl

dm
−
dBm

dl
¼ DBl

vsc;m
−
DBm

vsc; l
¼ DBl

vsc;m
; (1)

where

μ0 : permeability in a vacuum;

j// : FAC;

dBm, dBl: the m and l components of the magnetic field;

DBm, DBl: the magnetic disturbance derived from SSM data, equal to dBm, dBl;

vsc,m : m component of the satellite velocity in field‐aligned coordinates derived from SSIES data using the
MVA method; and

vsc,l : l component of the satellite velocity in field‐aligned coordinates derived from SSIES data using the
MVA method.

2.2. Identification of Upflow Events

The ion velocity or flux can be used as a criterion to identify ion upflow events (Keating et al., 1990). The
satellite can observe the ion velocity in the vertical (positive directed upward) and cross‐track (positive
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directed toward the left of the satellite motion) directions. In this paper, the measured ion velocities were
projected in the directions parallel and perpendicular to the magnetic field based on DMSP SSM measure-
ments. At about 850 km altitude, the field‐aligned ion velocity V// (upward is positive) is usually lower than
200 m/s, unless there is extra acceleration (Endo et al., 2000). We therefore use 200 m/s as a lower threshold
for identification of ion upflow as selected by Keating et al. (1990) before.

2.3. The Temporal and Spatial Data Coverage

This statistical study uses DMSP F16 data duringmagnetic quiet and disturbed times in 2010–2013. Magnetic
quiet and disturbed times are derived based on the 10 most quiet and five most disturbed days of eachmonth
in the Helmholtz‐Zentrum Potsdam Kp data set. Figure 1 shows the monthly averaged Kp index (summed
over 24 hr intervals) for the quiet and disturbed days. The dots are the average of the values, and the shadows
indicate their standard deviation. Up to 480 quiet and 240 disturbed days are considered, and all DMSP F16
orbits have been surveyed to identify the upflow events.

Based on the ion velocity criteria in section 2.2 and using only data of quality 1 (best quality: the O+ fraction
is more than 85% and the total ion density is more than 1,000 cm−3), we identified a total of 1,064,820 upflow
event data points. In the Northern Hemisphere, there were 329,485 and 273,219 data points for quiet and
disturbed times, respectively. In the Southern Hemisphere, there were 234,268 and 227,848 data points for
quiet and disturbed times, respectively.

We calculated the FACs for all data points together with the corresponding magnetic latitude (MLat) and
local time (MLT), which were obtained from the SSJ/4 data. Next, we binned all data in grid cells of
1° MLat × 0.5 hr MLT for 60–90° MLat, depending on hemisphere and geomagnetic activity level. To avoid
fringe effects due to insufficient data coverage, we excluded grid cells that had less than 400 data points.

3. Results

Figure 2 shows the statistical occurrence of ion upflow events and FACs in both hemispheres for geomag-
netic quiet times. The left column displays the data in the Northern Hemisphere, and the right column dis-
plays the data in the Southern Hemisphere. The panels show the data coverage, the upflow occurrence, the
FAC, and regression analyses of the upflow occurrence versus the intensity of Region 1 FACs. The pink con-
tours of the upflow occurrence from Figures 2c and 2d have been overlaid in Figures 2e and 2f to facilitate
comparison. The data coverage in Figures 2a and 2bmaximizes in the Northern Hemisphere dayside and the
Southern Hemisphere nightside due to the DMSP F16 orbit. However, over time, a wide area of both hemi-
spheres is well covered. In Figures 2g and 2h, the x axis is reversed to correspond with the FACs distribution.
The blue data points refer to the downward Region 1 FACs, and the red ones refer to the upward Region 1
current. The Region 1 current is identified as the upward/downward current on the dusk/dawn side and
should be poleward of the Region 2 current, which is downward/upward current pair in dusk/dawn side.
Lines give linear fits, and the parameters of each fit are given above each part, where R is the Pearson's cor-
relation between upflow rate and magnitude of FACs. The pink dash lines show with double standard deri-
vation (fits ± 2Δ) errors of the fitted curves.

The upflow occurrence in Figure 2c shows a clear dawn‐dusk asymmetry in the Northern Hemisphere with a
higher occurrence rate in the morning sector. The highest occurrence rate (>30%) appears around noon
(about 10–14 MLT and 80° MLat), which may be associated with the cusp/cleft fountain (Lockwood et al.,
1985). Because of the gap in the satellite coverage of the cusp region of the Southern Hemisphere, it is not
possible to state definitely whether the upflow occurrence there is symmetric or asymmetric. But the
increased upflow occurrence at 80° MLat and 9 MLT suggests an asymmetric distribution toward the dawn-
side that is similar to what is observed in the Northern Hemisphere. Also, it shows the highest occurrence
rate in two regions: the area around 80° MLat and 9 MLT mentioned before that is associated with the
cusp/cleft fountain and around midnight (72° MLat and 0 MLT) that is most likely associated with nightside
particle precipitation.

In Figures 2e and 2f, blue denotes downward FACs, and red represents upward FACs. The distribution of
these currents is consistent with Region 1 and Region 2 FACs (Iijima & Potemra, 1978). Note that the area
of high ion upflow occurrence (highlighted by pink contours) appears to coincide very well with the area of
Region 1 FACs where the currents are mainly downward in the dawnside sectors and upward in the
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duskside sectors. This suggests that Region 1 FACs are an important area for ion upflow during geomagnetic
quiet times, and the electron heating associated with soft electron precipitation (not shown) may contribute
to the ion upflow. Figures 2g and 2h show a relatively significant linearity between the upflow occurrence
and Region 1 FACs, especially on the dawnside where the correlation is much higher than that on the
dusk side. This may be due to more heating sources on the dawnside: the higher convection speed (ion
frictional heating) and soft electrons precipitation (electron heating, not shown) observed in the dawn
sections.

Figure 3 is in the same format as Figure 2 but for geomagnetic disturbed times. The ion upflow occurrence
and FACs have many similar features with the quiet times. The polar edge displays a similar behavior, but
the low‐latitude boundary expands nearly 10° equatorward during disturbed times. Moreover, the dayside
dawn‐to‐dusk asymmetry in ion upflow occurrence (Figures 3c and 3d) becomes more obvious in both hemi-
spheres, and there is an expansion of the region on the nightside. Nevertheless, the ion upflow occurrence
still matches very well with the location of Region 1 FACs, and the highest occurrence rate is located within
the downward Region 1 FACs in the morning sector (Figures 3e and 3f). However, the correlation between
Region 1 FACs and the upflow occurrence shows slightly weaker linearity than that during quiet times
(Figures 3g and 3h). In addition, the downward current generally has a higher correlation with ion upflow
occurrence than does the upward current in the Southern Hemisphere, which may be due to the combined
contribution of stronger convection speed and soft electron precipitations (not shown). In the Northern
Hemisphere, the situation is opposite: Upward current has higher correlation than downward current, this
perhaps being caused by the stronger electron precipitation in the dusk sections (not shown).

4. Conclusion and Discussion

We have investigated the distribution of occurrence of both ion upflow and FACs as well as a statistical com-
parison between these two parameters during magnetic quiet and disturbed times by DMSP F‐16 satellite
observations from 2010–2013. A dawn‐dusk asymmetry is clearly seen in the distribution of ion upflow
occurrence in the Northern Hemisphere, and possibly, a similar asymmetric distribution appears in the
Southern Hemisphere, which is consistent with previous results (Liang, 2006; Liu et al., 2001). In both hemi-
spheres, the ion upflow occurrence is higher on the dawn side, where the associated convention speeds, and
thus fractional heating, have been observed to be greater than that on the dusk side (Ma, Zhang, Xing,
Heelis, et al., 2018; Ma, Zhang, Xing, Jayachandran, et al., 2018). The highest occurrence rates are seen in
the cusp region and the nightside auroral oval. The topology of the FACs distribution is very similar to pre-
vious studies (Iijima & Potemra, 1976, 1978), but the magnitude of currents is also presented in the current
study. Comparing the result between magnetic quiet and disturbed times, the higher values of both FACs
and ion upflow occurrence expand to cover larger areas, with the low‐latitude boundary expanding nearly
10° equatorward. There is also a more obvious dawn‐dusk asymmetry during disturbed times.

Figure 1. Monthly averaged Kp index (summed over 24 hr intervals) for the quiet and disturbed days that is used for event selection. The shading indicates the
error bars.
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Unexpectedly, the distribution of high ion upflow occurrence was found to be consistent with the area of
Region 1 FACs in both hemispheres. The areas of ion upflow coincide well with the area of the downward
Region 1 FACs on the dawnside and upward Region 1 FACs on the duskside. However, the correlation is

Figure 2. Statistical results in both hemispheres for magnetic quiet times. Panels from top to bottom show (a and b) data
coverage, (c and d) ion upflow occurrence, (e and f) FACs, and (g and h) the regression analysis of the ion upflow
and FACs for showing the relation between the upflow occurrence and Region 1 FACs in each hemisphere.
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much higher on the dawnside than on the duskside. It is important to learn what leads to this coincidence.
On the dawnside, the basic physical connection between ion upflow and downward FACs might be related
to Poynting flux (not shown, due to lack of accuracy observations of electric field or velocity to calculate
them) and ion heating, which are believed to lead to ion upflow due to the ion‐neutral frictional heating

Figure 3. Same format as Figure 2 but for magnetic disturbed times.
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Figure 4. Statistical results of ion and electron temperature in both hemispheres during the selected ion upflow events
both for magnetic quiet and disturbed times. The top two rows (a–d) show the data for quiet times and bottom two
rows (e–h) show the data for disturbed times.
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driven by plasma convection causes ion temperature increase. The increased ion temperature then creates
the vertical pressure gradient to produce upward motion of the plasma in the F region ionosphere (e.g.,
Keating et al., 1990). On the duskside, the upward Region 1 FACs are associated with discrete aurora and
soft electron precipitations (electron heating), which could heat up electrons in the F region and topside
ionosphere to cause their upward motion, These upwelling heated electrons can pull the ions upward
through the ambipolar electric field due to the separation between electrons and ions (e.g., Horwitz &
Moore, 1997; Knudsen et al., 1998; Ogawa & Kogawa, 2002; Strangeway et al., 2005).

In order to discuss which heating (ion or electron heating) is more efficient to generate the ion upflow, we also
plotted the distributions of the ion and electron temperatures for the selected upflow events in Figure 4 using
the same format as Figures 2 and 3. The top two panels in Figure 4 show the data during quiet times, and the
bottom two panels show the data during disturbed times. Figure 4 shows that the ion and electron temperature
around the area of higher upflow occurrence also has a clear dawn‐dusk asymmetry: The electron temperature
increased and ion temperature decreased in the dusk sectors (15–18 MLT); in the postmidnight sectors (1–5
MLT), the ion temperature enhanced but electron temperature decreased, while both ion and electron tempera-
ture enhanced in the prenoon section (5–9 MLT), noon section, and premidnight section (19–24 MLT). This
suggests that ion heating can be important for the generation of ion upflow in the postmidnight sector and elec-
tron heating is important in the dusk sector. Both the ion and electron temperatures are elevated in the noon
cusp region, prenoon section, and premidnight section, which also overlaps the area of high upflow occurrence.
This suggests that the upflow acceleration is more efficient when both ion heating and electron heating contri-
bute in parallel. Figure S1 shows the relationship between ion upflow and electron precipitation, electron tem-
perature, electron/ion temperature difference, and convection speeds. It suggests again that the electron
heating associated with precipitating electrons and ion heating from increased convection speed both contri-
bute to ion upflow. The electron/ion temperature difference also influences the upflow velocity, in agreement
with the suggestions of Ma, Zhang, Xing, Jayachandran, et al. (2018) andMa, Zhang, Xing, Heelis, et al. (2018).

The enhanced ion upflow in the cusp region can result from heating andmay also in part be due to enhanced
flow shears associated with the cusp FAC system. Our results also show an intensification and equatorward
expansion of the entire current system and upflow occurrence during disturbed times, which is consistent
with EISCAT observations (Fontaine & Peymirat, 1996). We note that the FACs themselves are not driving
the ion upflow but indicate that the phenomena are closely related.

References
Abe, T., Whalen, B. A., Yau, A. W., Horita, R. E., Watanabe, S., & Sagawa, E. (1993). EXOS D (Akebono) superthermal mass spectrometer

observations of the polar wind. Journal of Geophysical Research, 98(A7), 11,191–11,203. https://doi.org/10.1029/92JA01971
Akasofu, S. I., & Kan, J. R. (2013). The boundary of the polar cap and its relation to electric fields, field‐aligned currents, and auroral particle

precipitation. American Geophysical Union, 25. https://doi.org/10.1029/GM025p0143
Andersson, L., Peterson, W. K., & McBryde, K. M. (2004). Dynamic coordinates for auroral ion outflow. Journal of Geophysical Research,

109, A08201. https://doi.org/10.1029/2004JA010424
Birkeland, K. (1908). The Norwegian Aurora Polaris expedition, 1902–03. Vol. I.: On the cause of magnetic storms and the origin of ter-

restrial magnetism. Science, 41(1044). https://doi.org/10.1126/science.41.1044.29
Chappell, C. R. (1988). The terrestrial plasma source: A new perspective in solar‐terrestrial processes from Dynamics Explorer. Reviews of

Geophysics, 26(2), 229–248. https://doi.org/10.1029/RG026i002p00229
Chappell, C. R., Giles, B. L., Moore, T. E., Delcourt, D. C., Craven, P. D., & Chandler, M. O. (2000). The adequacy of the ionospheric source

in supplying magnetospheric plasma. Journal of Atmospheric and Solar‐Terrestrial Physics, 62(6), 421–436. https://doi.org/10.1016/
S1364-6826(00)00021-3

Coley, W. R., & Heelis, R. A. (2009). Stormtime measurements of topside ionospheric upflow from Defense meteorological satellite pro-
gram. Journal of Geophysical Research, 114, A10305. https://doi.org/10.1029/2009JA014350

Coley, W. R., Heelis, R. A., & Hairston, M. R. (2006). Characteristics of high‐latitude vertical plasma flow from the Defense Meteorological
Satellite Program. Journal of Geophysical Research, 111, A11314. https://doi.org/10.1029/2005JA011553

Endo, M., Fujii, R., Ogawa, Y., Buchert, S. C., Nozawa, S., Watanabe, S., & Yoshida, N. (2000). Ion upflow and downflow at the topside
ionosphere observed by the EISCAT VHF radar. Annales de Geophysique, 18(2), 170–181. https://doi.org/10.1007/s00585-000-0170-3

Fontaine, D., & Peymirat, C. (1996). Large‐scale distributions of ionospheric horizontal and field‐aligned currents inferred from EISCAT.
Annales de Geophysique, 14(12), 1284–1296. https://doi.org/10.1007/s00585-996-1284-z

Fujii, R., Hoffman, R. A., & Sugiura, M. (1990). Spatial relationships between region 2 field‐aligned currents and electron and ion
precipitation in the evening sector. Journal of Geophysical Research, 95(A11), 18,939–18,947. https://doi.org/10.1029/JA095iA11p18939

Ganguli, G., Keskinen, M. J., Romero, H., Heelis, R., Moore, T., & Pollock, C. (1994). Coupling of microprocesses and macroprocesses due
to velocity shear: An application to the low‐altitude ionosphere. Journal of Geophysical Research, 99(A5), 8873–8889. https://doi.org/
10.1029/93ja03181

Gurnett, D. A., & Frank, L. A. (1973). Observed relationships between electric fields and auroral particle precipitation. Journal of
Geophysical Research, 78(1), 145–170. https://doi.org/10.1029/JA078i001p00145

10.1029/2019JA027538Journal of Geophysical Research: Space Physics

MA ET AL. 8 of 10

Acknowledgments
This work was supported by the
National Natural Science Foundation
(Grant Nos. 41574138, 41874170,
41604139, 41831072, and 41431072) and
the Foundation of National Key
Laboratory of Electromagnetic
Environment (Grants 6142403180103
and 6142403180102). KOwas supported
by funding from the Research Council
of Norway Grant 223252. We also thank
the NOAA FTP and JHU/APL for pro-
viding the DMSP data (https://satdat.
ngdc.noaa.gov/dmsp/data/). The
authors also wish to thank the
International Space Science Institute in
Beijing (ISSI‐BJ) for supporting and
hosting the meetings of the
International Team on “Multiple‐
instrument observations and simula-
tions of the dynamical processes asso-
ciated with polar cap patches/aurora
and their associated scintillations”,
during which the discussions
leading/contributing to this publication
were initiated/held.

https://doi.org/10.1029/92JA01971
https://doi.org/10.1029/GM025p0143
https://doi.org/10.1029/2004JA010424
https://doi.org/10.1126/science.41.1044.29
https://doi.org/10.1029/RG026i002p00229
https://doi.org/10.1016/S1364-6826(00)00021-3
https://doi.org/10.1016/S1364-6826(00)00021-3
https://doi.org/10.1029/2009JA014350
https://doi.org/10.1029/2005JA011553
https://doi.org/10.1007/s00585-000-0170-3
https://doi.org/10.1007/s00585-996-1284-z
https://doi.org/10.1029/JA095iA11p18939
https://doi.org/10.1029/93ja03181
https://doi.org/10.1029/93ja03181
https://doi.org/10.1029/JA078i001p00145
https://satdat.ngdc.noaa.gov/dmsp/data/
https://satdat.ngdc.noaa.gov/dmsp/data/


Hardy, D. A., Schmitt, L. K., Gussenhoven, M. S., Marshall, F. J., & Yeh, H. C. (1984). Precipitating electron and ion detectors (SSJ/4) for the
block 5D/Flights 6–10 DMSP (Defense Meteorological Satellite Program) satellites: Calibration and data presentation. Rep. AFGL‐TR‐84‐
0317. Air Force Geophysics Laboratory. https://satdat.ngdc.noaa.gov/dmsp/docs/AFGL%20‐%201984%20‐%20F06‐F10%20SSJ4%20Cal%
20and%20Data%20‐%20AFGL‐TR‐84‐0317.pdf

Heelis, R. A., Bailey, G. J., Sellek, R., Moffett, R. J., & Jenkins, B. (1993). Field‐aligned drifts in subauroral ion drift events. Journal of
Geophysical Research, 98(A12), 21,493–21,499. https://doi.org/10.1029/93JA02209

Heelis, R. A., Coley, W. R., Loranc, M., & Hairston, M. R. (1992). Three‐dimensional ionospheric plasma circulation. Journal of Geophysical
Research, 97(A9), 13,903–13,910. https://doi.org/10.1029/92JA00872

Horwitz, J. L., & Moore, T. E. (1997). Four contemporary issues concerning ionospheric plasma flow to the magnetosphere. Space Science
Reviews, 80(1/2), 49–76. https://doi.org/10.1023/A:1004973603955

Iijima, T., & Potemra, T. A. (1976). The amplitude distribution of field‐aligned currents at northern high latitudes observed by Triad.
Journal of Geophysical Research, 81(13), 2165–2174. https://doi.org/10.1029/JA081i013p02165

Iijima, T., & Potemra, T. A. (1978). Large‐scale characteristics of field‐aligned currents associated with substorms. Journal of Geophysical
Research, 83(A2), 599. https://doi.org/10.1029/JA083iA02p00599

Keating, J. G., Mulligan, F. J., Doyle, D. B., Winser, K. J., & Lockwood, M. (1990). A statistical study of large field‐aligned flows of thermal
ions at high‐latitudes. Planetary and Space Science, 38(9), 1187–1201. https://doi.org/10.1016/0032-0633(90)90026-M

Khrabrov, A. V., & Sonnerup, B. U. Ö. (1998a). Orientation and motion of current layers: Minimization of the Faraday residue. Geophysical
Research Letters, 25(13), 2373–2376. https://doi.org/10.1029/98gl51784

Khrabrov, A. V., & Sonnerup, B. U. Ö. (1998b). Magnetic variance analysis for small‐amplitude waves and flux transfer events on a current
sheet. Journal of Geophysical Research, 103(A6), 11,907–11,918. https://doi.org/10.1029/98JA00615

Knudsen, D. J., Clemmons, J. H., & Wahlund, J. E. (1998). Correlation between core ion energization, suprathermal electron bursts, and
broadband ELF plasma waves. Journal of Geophysical Research, 103(A3), 4171–4186. https://doi.org/10.1029/97JA00696

Li, K., Haaland, S., Eriksson, A., André, M., Engwall, E., Wei, Y., et al. (2012). On the ionospheric source region of cold ion outflow.
Geophysical Research Letters, 39, L18102. https://doi.org/10.1029/2012GL053297

Li, K., Haaland, S., Eriksson, A., André, M., Engwall, E., Wei, Y., et al. (2013). Transport of cold ions from the polar ionosphere to the
plasma sheet. Journal of Geophysical Research: Space Physics, 118, 5467–5477. https://doi.org/10.1002/jgra.50518

Liang, H. (2006). Ion upflow in the topside polar ionosphere observations by the DMSP satellite. Chinese Journal of Polar Research, 18(2),
98–107. http://en.cnki.com.cn/Article_en/CJFDTOTAL‐JDYZ200602003.htm

Liu, H., & Lu, G. (2004). Velocity shear‐related ion upflow in the low‐altitude ionosphere. Annales de Geophysique, 22(4), 1149–1153.
https://doi.org/10.5194/angeo-22-1149-2004

Liu, H., Ma, S. Y., & Schlegel, K. (2001). Diurnal, seasonal, and geomagnetic variations of large field‐aligned ion upflows in the
high‐latitude ionospheric F region. Journal of Geophysical Research, 106(A11), 24,651–24,661. https://doi.org/10.1029/2001JA900047

Lockwood, M., Chandler, M. O., Horwitz, J. L., Waite, J. H., Moore, T. E., & Chappell, C. R. (1985). The cleft ion fountain. Journal of
Geophysical Research, 90(A10), 9736. https://doi.org/10.1029/JA090ia10p09736

Loranc, M., Hanson, W. B., Heelis, R. A., & St. Maurice, J. P. (1991). Amorphological study of vertical ionospheric flows in the high‐latitude
F region. Journal of Geophysical Research, 96(A3), 3627–3646. https://doi.org/10.1029/90JA02242

Luhr, H., Warnecke, J. F., & Rother, M. K. A. (1996). An algorithm for estimating field‐aligned currents from single spacecraft magnetic
field measurements: A diagnostic tool applied to freja satellite data. IEEE Transactions on Geoscience and Remote Sensing, 34(6),
1369–1376. https://doi.org/10.1109/36.544560

Ma, Y.‐Z., Zhang, Q.‐H., Xing, Z.‐Y., Heelis, R. A., Oksavik, K., &Wang, Y. (2018). The ion/electron temperature characteristics of polar cap
classical and hot patches and their influence on ion upflow. Geophysical Research Letters, 45, 8072–8080. https://doi.org/10.1029/
2018GL079099

Ma, Y.‐Z., Zhang, Q.‐H., Xing, Z.‐Y., Jayachandran, P. T., Moen, J., Heelis, R. A., & Wang, Y. (2018). Combined contribution of solar
illumination, solar activity, and convection to ion upflow above the polar cap. Journal of Geophysical Research: Space Physics, 123,
4317–4328. https://doi.org/10.1029/2017JA024974

Moore, T. E., Lundin, R., Alcayde, D., André, M., Ganguli, S. B., Temerin, M., & Yau, A. (1999). Source processes in the high‐latitude
ionosphere. Space Science Reviews, 88(1/2), 7–84. https://doi.org/10.1023/A:1005299616446

Nilsson, H., Barghouthi, I. A., Slapak, R., Eriksson, A. I., & André, M. (2013). Hot and cold ion outflow: Observations and implications for
numerical models. Journal of Geophysical Research; Atmospheres, 118, 105–117. https://doi.org/10.1029/2012JA017975

Ogawa, Y., Buchert, S. C., Fujii, R., Nozawa, S., & Eyken, A. P. V. (2009). Characteristics of ion upflow and downflow observed with the
European Incoherent Scatter Svalbard radar. Journal of Geophysical Research: Space Physics, 114, 1588–1593. https://doi.org/10.1029/
2008JA013817

Ogawa, Y., Buchert, S. C., Sakurai, A., Nozawa, S., & Fujii, R. (2010). Solar activity dependence of ion upflow in the polar ionosphere
observed with the European Incoherent Scatter (EISCAT) Tromsø UHF radar. Journal of Geophysical Research, 115, A07310. https://doi.
org/10.1029/2009JA014766

Ogawa, Y., & Kogawa, Y. (2002). Generation mechanisms of ion upflow in the polar topside ionosphere (PhD thesis). Japan: Nagoya
University. http://ir.nul.nagoya‐u.ac.jp/jspui/bitstream/2237/6366/1/ko5386.pdf

Øieroset, M., Yamauchi, M., Liszka, L., & Hultqvist, B. (1999). Energetic ion outflow from the dayside ionosphere: Categorization,
classification, and statistical study. Journal of Geophysical Research, 104(A11), 24,915–24,927. https://doi.org/10.1029/1999JA900248

Potemra, T. A. (2013). Relationships between field‐aligned currents, electric fields, and particle precipitation as observed by Dynamics
Explorer‐2. In Magnetospheric Currents, Geophysical Monograph Series (pp. 96–103). Washington, DC: American Geophysical Union.

Qing‐He, Z., Zong, Q.‐G., Lockwood, M., Heelis, R. A., Hairston, M., Liang, J., et al. (2016). Earth's ion upflow associated with polar cap
patches: Global and in situ observations. Geophysical Research Letters, 43, 1845–1853. https://doi.org/10.1002/2016GL067897

Rich, F. J., & Hairston, M. (1994). Large‐scale convection patterns observed by DMSP. Journal of Geophysical Research, 99(A3), 3827–3844.
https://doi.org/10.1029/93JA03296

Shelley, E. G., Johnson, R. G., & Sharp, R. D. (1972). Satellite observations of energetic heavy ions during a geomagnetic storm. Journal of
Geophysical Research, 77(31), 6104–6110. https://doi.org/10.1029/JA077i031p06104

Shelley, E. G., Sharp, R. D., & Johnson, R. G. (1976a). He++ and H+ flux measurements in the day side cusp: Estimates of convection
electric field. Journal of Geophysical Research, 81(13), 2363–2370. https://doi.org/10.1029/JA081i013p02363

Shelley, E. G., Sharp, R. D., & Johnson, R. G. (1976b). Satellite observations of an ionospheric acceleration mechanism. Geophysical
Research Letters, 3(11), 654–656. https://doi.org/10.1029/GL003i011p00654

10.1029/2019JA027538Journal of Geophysical Research: Space Physics

MA ET AL. 9 of 10

https://satdat.ngdc.noaa.gov/dmsp/docs/AFGL%20%2D%201984%20%2D%20F06%2DF10%20SSJ4%20Cal%20and%20Data%20%2D%20AFGL%2DTR%2D84%2D0317.pdf
https://satdat.ngdc.noaa.gov/dmsp/docs/AFGL%20%2D%201984%20%2D%20F06%2DF10%20SSJ4%20Cal%20and%20Data%20%2D%20AFGL%2DTR%2D84%2D0317.pdf
https://doi.org/10.1029/93JA02209
https://doi.org/10.1029/92JA00872
https://doi.org/10.1023/A:1004973603955
https://doi.org/10.1029/JA081i013p02165
https://doi.org/10.1029/JA083iA02p00599
https://doi.org/10.1016/0032-0633(90)90026-M
https://doi.org/10.1029/98gl51784
https://doi.org/10.1029/98JA00615
https://doi.org/10.1029/97JA00696
https://doi.org/10.1029/2012GL053297
https://doi.org/10.1002/jgra.50518
http://en.cnki.com.cn/Article_en/CJFDTOTAL%2DJDYZ200602003.htm
https://doi.org/10.5194/angeo-22-1149-2004
https://doi.org/10.1029/2001JA900047
https://doi.org/10.1029/JA090ia10p09736
https://doi.org/10.1029/90JA02242
https://doi.org/10.1109/36.544560
https://doi.org/10.1029/2018GL079099
https://doi.org/10.1029/2018GL079099
https://doi.org/10.1029/2017JA024974
https://doi.org/10.1023/A:1005299616446
https://doi.org/10.1029/2012JA017975
https://doi.org/10.1029/2008JA013817
https://doi.org/10.1029/2008JA013817
https://doi.org/10.1029/2009JA014766
https://doi.org/10.1029/2009JA014766
http://ir.nul.nagoya%2Du.ac.jp/jspui/bitstream/2237/6366/1/ko5386.pdf
https://doi.org/10.1029/1999JA900248
https://doi.org/10.1002/2016GL067897
https://doi.org/10.1029/93JA03296
https://doi.org/10.1029/JA077i031p06104
https://doi.org/10.1029/JA081i013p02363
https://doi.org/10.1029/GL003i011p00654


Shen, Y., Knudsen, D. J., Burchill, J. K., Howarth, A., Yau, A., Redmon, R. J., et al. (2016). Strong ambipolar‐driven ion upflow within the
cleft ion fountain during low geomagnetic activity. Journal of Geophysical Research: Space Physics, 121, 6950–6969. https://doi.org/
10.1002/2016JA022532

Shi, J. K., Cheng, Z. W., Zhang, T. L., Dunlop, M., Liu, Z. X., Torkar, K., et al. (2010). South‐north asymmetry of field‐aligned currents in the
magnetotail observed by Cluster. Journal of Geophysical Research, 115, A07228. https://doi.org/10.1029/2009JA014446

Sonnerup, B. U. Ö., & Jr, L. J. C. (1967). Magnetopause structure and attitude from Explorer 12 observations. Journal of Geophysical
Research, 72(1), 171–183. https://doi.org/10.1029/JZ072i001p00171

Strangeway, R. J., Ergun, R. E., Su, Y.‐J., Carlson, C. W., & Elphic, R. C. (2005). Factors controlling ionospheric outflows as observed at
intermediate altitudes. Journal of Geophysical Research, 110, A03221. https://doi.org/10.1029/2004JA010829

Torbert, R. B., Cattell, C. A., Mozer, F. S., & Meng, C. (1981). The boundary of the polar cap and its relation to electric fields, field‐aligned
currents, and auroral particle precipitation. In S. Akasofu, & J. Kan (Eds.), Physics of Auroral Arc Formation (pp. 143–153). Washington,
DC: American Geophysical Union.

Wang, H., Lühr, H., & Ma, S. Y. (2005). Solar zenith angle and merging electric field control of field‐aligned currents: A statistical study of
the Southern Hemisphere. Journal of Geophysical Research, 110, A03306. https://doi.org/10.1029/2004JA010530

Whitteker, J. H. (1977). The transient response of the topside ionosphere to precipitation. Planetary and Space Science, 25(8), 773–786.
https://doi.org/10.1016/0032-0633(77)90129-5

Yeh, H., & Foster, J. C. (1990). Storm time heavy ion outflow at mid‐latitude. Journal of Geophysical Research, 95(A6), 7881–7891. https://
doi.org/10.1029/JA095iA06p07881

Zhang, Q.‐H., Ma, Y. Z., Jayachandran, P. T., Moen, J., Lockwood, M., Zhang, Y. L., et al. (2017). Polar cap hot patches: Enhanced density
structures different from the classical patches in the ionosphere. Geophysical Research Letters, 44, 8159–8167. https://doi.org/10.1002/
2017GL073439

Zhao, K., Chen, K. W., Jiang, Y., Chen, W. J., Huang, L. F., & Fu, S. (2017). Latitude dependence of low‐altitude O+ ion upflow: Statistical
results from FAST observations. Journal of Geophysical Research: Space Physics, 122, 9705–9722. https://doi.org/10.1002/2017JA024075

Zhao, K., Jiang, Y., Chen, K. W., & Huang, L. F. (2016). Geomagnetic and solar activity dependence of ionospheric upflowing O+: FAST
observations. Astrophysics and Space Science, 361(9), 295. https://doi.org/10.1007/s10509-016-2872-3

Zhao, K., Jiang, Y., Ding, L. G., & Huang, L. F. (2014). Statistical analysis of outflow ionospheric O+ on the declining phase of solar cycle 23
using Fast observations. Planetary and Space Science, 101, 170–180. https://doi.org/10.1016/j.pss.2014.07.003

Zmuda, A. J., Martin, J. H., & Heuring, F. T. (1966). Transverse magnetic disturbances at 1100 kilometers in the auroral region. Journal of
Geophysical Research, 71(21), 5033–5045. https://doi.org/10.1029/JZ071i021p05033

10.1029/2019JA027538Journal of Geophysical Research: Space Physics

MA ET AL. 10 of 10

https://doi.org/10.1002/2016JA022532
https://doi.org/10.1002/2016JA022532
https://doi.org/10.1029/2009JA014446
https://doi.org/10.1029/JZ072i001p00171
https://doi.org/10.1029/2004JA010829
https://doi.org/10.1029/2004JA010530
https://doi.org/10.1016/0032-0633(77)90129-5
https://doi.org/10.1029/JA095iA06p07881
https://doi.org/10.1029/JA095iA06p07881
https://doi.org/10.1002/2017GL073439
https://doi.org/10.1002/2017GL073439
https://doi.org/10.1002/2017JA024075
https://doi.org/10.1007/s10509-016-2872-3
https://doi.org/10.1016/j.pss.2014.07.003
https://doi.org/10.1029/JZ071i021p05033


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /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
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


