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Abstract

Previous simulations have suggested that O+ outflow plays a role in driving the sawtooth oscillations. This study investigates

the role of O+ by identifying the differences in ionospheric outflow between sawtooth and non-sawtooth storms using 11 years of

FAST/Time of flight Energy Angle Mass Spectrograph (TEAMS) ion composition data from 1996 through 2007 during storms

driven by coronal mass ejections (CMEs). We find that the storm’s initial phase shows larger O+ outflow during non-sawtooth

storms, and the main and recovery phases revealed differences in the location of ionospheric outflow. On the pre-midnight

sector, a larger O+ outflow was observed during the main phase of sawtooth storms, while non-sawtooth storms exhibited

stronger O+ outflow during the recovery phase. On the dayside, the peak outflow shifts significantly towards dawn during

sawtooth storms. This strong dawnside sector outflow during sawtooth storms warrants consideration.
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Key Points:12

• The intensity and location of O+ outflow during storms are different in storms with13

and without sawtooth oscillations.14

• The peak dayside outflow is significantly shifted towards dawn during storms with15

sawtooth observations.16

• The nightside picture is mixed; the pre-midnight O+ outflow is higher in the main17

phase but lower in the recovery phase of sawtooth storms.18
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Abstract19

Previous simulations have suggested that O+ outflow plays a role in driving the sawtooth20

oscillations. This study investigates the role of O+ by identifying the differences in iono-21

spheric outflow between sawtooth and non-sawtooth storms using 11 years of FAST/Time22

of flight Energy Angle Mass Spectrograph (TEAMS) ion composition data from 1996 through23

2007 during storms driven by coronal mass ejections (CMEs). We find that the storm’s24

initial phase shows larger O+ outflow during non-sawtooth storms, and the main and25

recovery phases revealed differences in the location of ionospheric outflow. On the pre-26

midnight sector, a larger O+ outflow was observed during the main phase of sawtooth27

storms, while non-sawtooth storms exhibited stronger O+ outflow during the recovery28

phase. On the dayside, the peak outflow shifts significantly towards dawn during saw-29

tooth storms. This strong dawnside sector outflow during sawtooth storms warrants con-30

sideration.31

Plain Language Summary32

A sawtooth event is a convection mode in Earth’s magnetosphere, which transports33

solar wind plasma and energy into the inner magnetosphere and ionosphere. Despite three34

decades since their discovery, the mechanism behind sawtooth oscillations remains un-35

certain. One theory suggests that O+ outflow induces sawtooth oscillations through an36

internal feedback mechanism. In line with this theory, some simulations have generated37

sawtooth oscillations under steady geomagnetic conditions. Furthermore, previous ob-38

servations indicate that some, but not all, geomagnetic storms exhibit sawtooth oscil-39

lations. This study utilizes data from the FAST/TEAMS instrument (1996-2007) and40

compares O+ outflow variations during geomagnetic storms with and without sawtooth41

oscillations. Findings indicate that during the storms’ initial phase, sawtooth storms pro-42

duce less O+ outflow than non-sawtooth storms. Additionally, non-sawtooth storms ex-43

hibit higher O+ outflow in the dayside during the main phase and in the pre-midnight44

sector during the recovery phase, challenging the key role of O+ outflow in driving the45

feedback mechanism. However, observing large O+ outflow in the dawnside sector of saw-46

tooth events suggests more investigation is needed.47

1 Introduction48

When the interplanetary magnetic field (IMF) is southward, magnetotail reconnec-49

tion brings solar wind plasma and energy into the inner magnetosphere and ionosphere50

via three different modes: Steady Magnetospheric Convection mode(SMC), magnetic sub-51

storms, and the comparatively less-explored phenomenon of sawtooth events. In SMC,52

the magnetosphere does not accumulate solar wind energy but redirects it from the day-53

side to the nightside by a nearly balanced reconnection rate on both sides (Sergeev et54

al., 1996; DeJong et al., 2008). Conversely, during the magnetospheric substorm, the mag-55

netosphere acts as an energy reservoir, storing solar wind energy in the tail lobes and56

then releasing it into the inner magnetosphere and ionosphere. For an isolated substorm,57

the process of loading/unloading energy is localized near midnight in magnetic local time58

(MLT) (Russell & McPherron, 1973; Hones Jr. et al., 1984). In some cases, this load-59

ing/unloading energy occurs over a wider MLT region, during a longer time period, and60

quasi periodically with more than two oscillations. This mode is termed a global saw-61

tooth event (Reeves et al., 2002; Henderson, 2004). The reason for the magnetosphere’s62

preference for one mode over the other in response to the solar wind energy input is still63

unknown.64

Global sawtooth events, identified as quasi-periodic, large-amplitude oscillations65

in energetic particles at geosynchronous orbit (Belian & Cayton, 1989; Borovsky et al.,66

1993) with a periodicity of 2–4 hours (Cai & Clauer, 2009), derive their name from the67

saw blade-like characteristics of particle injections marked by a gradual decrease (growth68
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phase) followed by a sharp increase (onset) (Belian et al., 1995). These energetic par-69

ticle flux oscillations are correlated with magnetic field changes in the tail, at geostation-70

ary orbit, and ground stations, as well as changes in the auroral electrojet index, auro-71

ral precipitation, and polar cap indices (Huang et al., 2003; Kitamura et al., 2005; Cai72

et al., 2006; Henderson et al., 2006; Huang & Cai, 2009; Troshichev & Janzhura, 2009).73

These observations suggested that the sawtooth mode is generated by an internal mag-74

netospheric instability (Huang, 2011); however, there are studies that claim sawtooth events75

are generated by external parameters in solar wind drivers (Lee et al., 2004, 2006; Cai76

& Clauer, 2013). Cai and Clauer (2009, 2013) compiled a comprehensive list of sawtooth77

events spanning from 1996 to 2007, encompassing a total of 126 events. Cai et al. (2011),78

through extensive statistical analysis, examined the relationship between sawtooth events79

and geomagnetic storms and found that a substantial majority, 94.6%, of sawtooth events80

occurred during geomagnetic storms.81

During geomagnetic storms, the O+ density and pressure and its occurrence fre-82

quency in the plasma sheet and lobe are enhanced (Kistler et al., 2006, 2010; Liao et al.,83

2010). The ionosphere is the main source of O+ ions in the magnetosphere (Shelley et84

al., 1972; Sharp et al., 1974), predominantly from two regions: the dayside cusp and the85

nightside auroral region (Yau & André, 1997) and the increase of O+ outflow during storms86

has been reported from both sources e.g. (Yau et al., 1988; Cully et al., 2003; Nowrouzi87

et al., 2023). Cusp-origin O+ flows along the open field lines to the lobe and enters the88

plasma sheet during reconnection in the tail. The field lines in the nightside auroral re-89

gions are directly connected to the plasma sheet. The occurrence of sawtooth events dur-90

ing storms, when O+ is enhanced, suggests that the cause of substorms may be related91

to the O+.92

Brambles et al. (2011) incorporated ionospheric O+ fluence into the multifluid Lyon-93

Fedder-Mobarry (LFM) model (Lyon et al., 2004) and demonstrated that strong O+ flu-94

ence can generate sawtooth events in simulations. Ouellette et al. (2013) investigated95

the mechanism for driving the events and introduced a hypothesis for the periodicity of96

sawtooth events: the periodic loading and unloading of O+ ions through ionospheric out-97

flow into the plasma sheet changes the reconnection rate within the magnetotail current98

sheet. These variations in reconnection rate lead to distinct magnetic field configuration99

changes in the tail, releasing an O+-rich plasmoid and sending particle precipitation and100

Alfvénic waves towards the ionosphere, which drives more outflow for the subsequent saw-101

tooth in the cycle. This mechanism suggests that it is nightside O+ outflow that is re-102

sponsible. Using simulation Brambles et al. (2013) found that for an event driven by coro-103

nal mass ejections (CME) with steady solar wind conditions, nightside O+ fluence was104

required to generate the sawtooth oscillations. In contrast, sawtooth events driven by105

streaming interaction regions (SIR) could be driven without O+ fluence. Using a physics-106

based model, Varney et al. (2016) simulated a sawtooth event under steady solar wind107

conditions and found that the cases that developed sawtooth oscillations had strong out-108

flow in the midnight auroral region. Zhang et al. (2020) investigated whether cusp out-109

flow could also drive sawtooth oscillations. They found that while only 10% of dayside110

cusp O+ outflow reached the plasma sheet, it was sufficient to induce sawtooth oscilla-111

tions. Finally, Wang et al. (2022) showed that kinetic reconnection in the magnetotail112

can reproduce the periodic loading and unloading of the magnetic flux in the magneto-113

sphere even without ionospheric outflow. Thus, from the simulation results, sawtooth114

oscillations can be driven by either nightside or dayside outflow or from strong driving,115

independent of outflow.116

The magnetotail observations also do not give a clear picture. Liao et al. (2014)117

investigated and compared the composition of the plasma sheet during sawtooth events118

and isolated storm-time substorms. While the O+/H+ ratio was higher on average dur-119

ing the sawtooth substorms, there were substorms with a high O+/H+ ratio for no saw-120

tooth events, as well as sawtooth substorms with a low O+/H+ ratio.121
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Regarding the source of the O+ nightside aurora outflow vs. dayside cusp outflow122

during the sawtooth substorms, an observational study showed that the cusp is the pre-123

dominant source of O+ ions in the 15-20 Re plasma sheet where sawtooth events driven124

by SIRs and CMEs (Lund et al., 2018). This is where the near-Earth neutral line is typ-125

ically located, therefore, where the plasma sheet composition would potentially affect re-126

connection.127

Therefore, neither the simulations nor the observations have been conclusive on the128

role of O+ in driving sawtooth oscillations. However, another aspect that might help to129

clarify the role of O+ is to determine how the ion outflow varies in intensity and loca-130

tion between storms with sawtooth oscillations and storms without. Since global saw-131

tooth oscillations occur during some, but not all geomagnetic storms (Borovsky, 2004),132

it is worthwhile to investigate the variation of ionospheric O+ outflow during CME storms,133

comparing those with sawtooth events to those without sawtooth events. If either day-134

side or nightside O+ outflow is involved in triggering sawtooth events, we would expect135

significant differences in the outflow characteristics for these two types of events. Since136

most of the sawtooth teeth occur in the main and recovery phases (Cai et al., 2011), the137

outflow characteristics are investigated during different storm phases.138

2 Data and Methodology139

To examine the role of ionospheric O+ outflow in driving sawtooth events, this study140

measures the averaged ionospheric O+ and H+ outflow during geomagnetic storms and141

compares the outflow during sawtooth storms (i.e., storms with sawtooth oscillations)142

with the outflow during non-sawtooth storms. For this purpose, we will use the list of143

all CME storms with clear main and recovery phases and with a minimum value of Dis-144

turbance storm time index (Dst) less than −50nT , from 1996 to 2007, published in Nowrouzi145

et al. (2023). This list contains information about the time of the initial, main, and re-146

covery phases, as well as the solar wind driver for each storm. Our process involved cross-147

referencing each storm from this list with the corresponding period in this list of saw-148

tooth events from 1996-2007, (Cai & Clauer, 2009, 2013). If a storm in the first list in-149

volves a sawtooth event in the second list, we label the storm as a sawtooth storm; oth-150

erwise, it is labeled as a non-sawtooth storm.151

Since simulations such as (Brambles et al., 2013) and (Varney et al., 2016), find152

that ionospheric O+ outflow is only needed during storms with steady solar wind con-153

ditions to drive the sawtooth mode, this study is limited to the geomagnetic storms which154

are driven by CMEs. Also, to reduce the effect of the storm’s intensity on this sawtooth/non-155

sawtooth comparison, this statistical analysis only examines moderate storms with −150nT ≤156

Dstminimum ≤ −50nT . In Figure 1, the minimum Dst of all CME moderate storms157

used in this study are plotted. The red and blue circles represent the sawtooth and non-158

sawtooth storms, respectively. The orange line shows the smoothed daily average of F10.7,159

the solar radio flux at 10.7 cm as an indicator of solar activity, during solar cycle 23, which160

spans from 1996 to 2008. It is observed that sawtooth events during moderate CME storms161

are observed in all the solar cycle’s phases, however they are more common in the so-162

lar cycle’s maximum phase with 180s.f.u. < F10.7 (or less common during the mini-163

mum phase with F10.7 < 180s.f.u. ). In Figure 1, the moderate CME storms include164

158 sawtooth injections. In total, there are identified 4 teeth during the initial phase,165

88 teeth during the storm main phase, 52 teeth during the early recovery phase, and 14166

teeth during the long recovery phase.167

The Fast Auroral Snapshot Explorer(FAST) spacecraft was launched in August 1996168

to advance the study of auroral acceleration physics and magnetosphere-ionosphere cou-169

pling. FAST was placed into an elliptical polar orbit characterized by a period of 133170

minutes, an inclination angle of 83◦, a perigee altitude of approximately 350 km, and an171

apogee altitude of roughly 4175 km (Carlson et al., 1998). On the FAST spacecraft, the172
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Figure 1. The scatter plot of the minimum Dst for CME sawtooth storms (red) and CME

non-sawtooth storms(blue). The orange line shows the F10.7 indices for the 23rd solar cycle.

TEAMS instrument measured the 3-D distribution functions of particle species H+, O+,173

He+ and He++, (Klumpar et al., 2001). This study employs the recently recalibrated174

TEAMS L2 data 1 to calculate the ionospheric outflow flux of O+ and H+ ions with the175

following equation.176

Φ(m) = 2π

∫ Ecutoff

E=10eV

dE

∫
j(m,E, α)| sin(α) sin(∆α)cos(α)cos(∆α)|dα (1)

In equation 1, the variables α, ∆α, E, and j(m,E, α) represent the pitch angle in177

the center of the bin, half-width of the pitch angle bin which is 11.25◦, energy, and en-178

ergy flux in the center of the bin for the species m, respectively. To exclude contribu-179

tions from the magnetosphere and ram plasma within ionospheric outflow measurements,180

the energy flux is integrated over the energy range from 10eV to the dynamic cutoff en-181

ergy, as described in detail by Hatch et al. (2020); Zhao et al. (2020); and Nowrouzi et182

al. (2023). This study utilizes data collected between 1500 km and 4200 km altitude of183

the northern and southern hemispheres. The net flux is normalized by mapping it to 300184

km by using the IGRF model. Using the described methodology, the O+ and H+ out-185

flow fluxes acquired from the northern and southern hemispheres are combined and cal-186

culated for the list’s pre-storm and storm phase intervals.187

Subsequently, the outflow rate (fluence) of O+ and H+ are quantified. The ion species188

fluence is determined by multiplying the averaged outflow flux and the surface area:189

1 most of the recalibrations were detailed in the Appendix section of Nowrouzi (2022)
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fluencejk = (
Σ

njk−1
i=0 fluxi

njk
)×Ajk (2)

Where Ajk is the area covered by bin jk at a mapped altitude of 300 km and njk is the190

number of samples in that bin. Outflow fluxes are grouped into storm phases for both191

sawtooth and non-sawtooth storms192

Figures2 and 3 display the mapped net outflow fluxes of O+ and H+ in the polar193

region, respectively. The data in Figure 2 are divided into the three storm phases (ini-194

tial, main, and recovery) in the three columns. The top panel illustrates the outflow flux195

along the spacecraft trajectory for Invariant Latitude (ILAT) values greater than 50◦ from196

all CME-driven storms during each storm phase. The black circles in these figures are197

spaced in 10◦ ILAT increments from all CME-driven storms during each storm phase.198

In the next panels, the data space is binned within the range of 50◦ < ILAT < 90◦199

and 0 < MLT < 24 into 40◦ ILAT bins, each with a width of 1◦ and 24 Magnetic Lo-200

cal Time (MLT) bins, each with a time width of 1 hour. Subsequently, the average ion201

outflow flux within each MLT-ILAT bin is calculated and assigned to that bin in the large202

dials. The number of measurements in each MLT-ILAT bin is presented in the smaller203

dials, plotted on the top of each big dial. The second panel illustrates the average out-204

flow flux for all CME storms, which is shown in the trajectory panel. Then, the data plot-205

ted in the trajectory panel were divided into two groups, the sawtooth and non-sawtooth206

storms, and the averaged outflow flux of each group is plotted in the third and fourth207

panels.208

3 Data Analysis and Discussion209

In Figures 2 and 3, the lack of data samples in a few MLT-ILAT bins with lower210

latitudes (indicated in gray) limits the analysis of outflow fluxes to 60◦ < ILAT < 90◦.211

A visual comparison of the third and fourth panels shows that during the initial phase(left212

column), the O+ and H+ outflow fluxes in 70◦ < ILAT < 80◦ are stronger during non-213

sawtooth storms than during sawtooth storms. In the main phase, the different locations214

of the dominant outflow between sawtooth and non-sawtooth storms are considerable.215

During sawtooth storms, the peak outflow is observed in the dawn region, between 3 MLT216

and 8 MLT, mostly between 70◦ and 60◦ ILAT, while for non-sawtooth storms, the peak217

is closer to noon, spanning from 7 MLT to 13 MLT and between 80◦ and 65◦ ILAT. Dur-218

ing the recovery phase, both sawtooth and non-sawtooth storms display the dayside cusp219

outflow from 7 MLT to 14 MLT, while the sawtooth storms show an additional large O+
220

outflow on the dawnside from 2 MLT to 6 MLT, not observed in non-sawtooth storms.221

On the nightside, the high O+ outflow in non-sawtooth storms shows a ∼ 5◦ equator-222

ward shift of latitudinal location in sawtooth storms.223

To quantitatively compare the outflow fluxes between sawtooth and non-sawtooth224

CME storms, the fluence of averaged outflow fluxes in each MLT-ILAT bin is calculated225

from equation 2, summed into three-hour MLT bins over the ILAT range from 60◦ <226

ILAT < 90◦ and displayed in Figure 4. From left to right: the O+ fluence, the H+ flu-227

ence, and the ratio fluences of O+/H+ are plotted as a function of MLT for the initial228

phase at the top, the main phase in the middle and the recovery phase at the bottom.229

The red and blue lines indicate outflow fluences during sawtooth and non-sawtooth storms,230

respectively. The error bars denote the standard deviation (SD).231

In the initial phase, non-sawtooth storms show higher O+ and H+ outflow fluences232

than sawtooth storms in all MLT sectors, except before midnight, where sawtooth and233

non-sawtooth fluences are comparable in both O+ and H+ plots. The O+ outflow flu-234

ence is up to 10 times larger in non-sawtooth storms than in sawtooth storms in some235

MLT sectors. This observation aligns with previous observational studies indicating a236

correlation between sawtooth events and solar wind, for instance, a study suggesting that237
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Figure 2. The top panel shows mapped O+ outflow flux along the FAST trajectories for all

moderate CME storms. Horizontally, columns display data during the initial, main, and recov-

ery phases. The average of the first panel data is illustrated in the second panel. The third and

fourth panels represent the averaged O+ outflow flux from sawtooth storms and non-sawtooth

storms, respectively. The big dials indicate the averaged outflow and the small dials show the

number of data points in each bin.
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Figure 3. The mapped H+ outflow flux in the polar region. The format is the same as in

Figure 2.
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Figure 4. From left to right, the panels illustrate the O+ and H+ fluences and their ratio.

Top to bottom, the panels display the mapped outflow flux fluences during the initial, main, and

recovery phases as a function of MLT for sawtooth storms in red and non-sawtooth storms in

blue.

sawtooth events do not occur when solar wind magnetic flux is higher than a threshold238

(Cai & Clauer, 2013).239

During the main phase, the O+ outflow fluence at noon is higher in non-sawtooth240

storms than in sawtooth storms, but, as noted above, the peak O+ outflow is shifted to-241

ward dawn in sawtooth storms. During the recovery phase, the outflow on the dayside242

is comparable. This suggests that it is not significantly higher dayside O+ outflow that243

is driving sawtooth events. However, it is possible that the enhanced dawnside outflow244

can populate the plasma sheet better than the outflow closer to noon, and so it has a245

greater effect.246

Although during the main phase, sawtooth events display larger O+ outflow be-247

fore midnight than non-sawtooth events, during the recovery phase, this pattern is ob-248

served in the after-midnight MLT sectors. Before midnight, non-sawtooth storms show249

about 5 times higher O+ outflow fluence than sawtooth storms. While enhanced night-250

side outflow could help to drive sawtooth events during the main phase, this observa-251

tion argues against it being a cause during the recovery phase.252

The observations for H+ outflow fluence during storm phases are similar to the O+
253

outflow fluence; however, the difference between sawtooth and non-sawtooth is weaker254

in the outflow fluence of H+ than in the outflow fluence of O+. In the ratio plot on the255

right, a higher O+/H+ is observed mainly during non-sawtooth storms than during saw-256

tooth storms. However, the notable exceptions in the pre-midnight MLT sectors are con-257

siderable.258

4 Summary and Conclusions259

This paper performed a statistical analysis on 11 years of FAST/TEAMS charged260

particle data from 1996 through 2007, focusing on CME-driven moderate storms. The261
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objective of the study was to explore any observational evidence showing differences in262

ionospheric outflow between sawtooth and non-sawtooth storms that support the role263

of O+ outflow in driving sawtooth oscillations. The observations indicate that the lo-264

cation of high ionospheric outflow differs between sawtooth and non-sawtooth events.265

This study reveals that:266

1- In the initial phase, the non-sawtooth storms generate larger O+ outflow than267

sawtooth storms in most MLT sectors. Since the initial phase outflow would be the first268

to reach the plasma sheet during a storm, this suggests that, at least in the early phase269

of a storm, the cusp outflow is not important in triggering the sawtooth oscillations or270

may even suggest that the initial phase outflow from the cusp, if anything, suppresses271

sawtooth oscillations.272

2- During the main and recovery phase, the O+ outflow fluence in the nightside re-273

gion is higher in sawtooth storms than in non-sawtooth storms during the pre-midnight274

sector of the main phase and the post-midnight sector of the recovery phase and signif-275

icantly lower during the post-midnight sector of the recovery phase.276

3- During the main and recovery phases, while the outflow at noon is lower dur-277

ing sawtooth storms, the peak of the O+ outflow is shifted toward the dawn sector in278

sawtooth storms. This suggests that while the levels of peak O+ outflow are compara-279

ble between sawtooth and non-sawtooth storms, their spatial distribution differs. Con-280

sequently, this difference in location may help with access to the plasma sheet.281

In summary, there are significant differences in the outflow patterns between storms282

with sawtooth oscillations and storms without. However, the observations do not unam-283

biguously support one model over another, with differences observed both on the day-284

side and the nightside. The most compelling difference is that the location of the peak285

dayside outflow is shifted significantly towards dawn in the sawtooth storms, and we sug-286

gest exploring the impacts of this difference in future simulations.287
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Key Points:12

• The intensity and location of O+ outflow during storms are different in storms with13

and without sawtooth oscillations.14

• The peak dayside outflow is significantly shifted towards dawn during storms with15

sawtooth observations.16

• The nightside picture is mixed; the pre-midnight O+ outflow is higher in the main17

phase but lower in the recovery phase of sawtooth storms.18
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Abstract19

Previous simulations have suggested that O+ outflow plays a role in driving the sawtooth20

oscillations. This study investigates the role of O+ by identifying the differences in iono-21

spheric outflow between sawtooth and non-sawtooth storms using 11 years of FAST/Time22

of flight Energy Angle Mass Spectrograph (TEAMS) ion composition data from 1996 through23

2007 during storms driven by coronal mass ejections (CMEs). We find that the storm’s24

initial phase shows larger O+ outflow during non-sawtooth storms, and the main and25

recovery phases revealed differences in the location of ionospheric outflow. On the pre-26

midnight sector, a larger O+ outflow was observed during the main phase of sawtooth27

storms, while non-sawtooth storms exhibited stronger O+ outflow during the recovery28

phase. On the dayside, the peak outflow shifts significantly towards dawn during saw-29

tooth storms. This strong dawnside sector outflow during sawtooth storms warrants con-30

sideration.31

Plain Language Summary32

A sawtooth event is a convection mode in Earth’s magnetosphere, which transports33

solar wind plasma and energy into the inner magnetosphere and ionosphere. Despite three34

decades since their discovery, the mechanism behind sawtooth oscillations remains un-35

certain. One theory suggests that O+ outflow induces sawtooth oscillations through an36

internal feedback mechanism. In line with this theory, some simulations have generated37

sawtooth oscillations under steady geomagnetic conditions. Furthermore, previous ob-38

servations indicate that some, but not all, geomagnetic storms exhibit sawtooth oscil-39

lations. This study utilizes data from the FAST/TEAMS instrument (1996-2007) and40

compares O+ outflow variations during geomagnetic storms with and without sawtooth41

oscillations. Findings indicate that during the storms’ initial phase, sawtooth storms pro-42

duce less O+ outflow than non-sawtooth storms. Additionally, non-sawtooth storms ex-43

hibit higher O+ outflow in the dayside during the main phase and in the pre-midnight44

sector during the recovery phase, challenging the key role of O+ outflow in driving the45

feedback mechanism. However, observing large O+ outflow in the dawnside sector of saw-46

tooth events suggests more investigation is needed.47

1 Introduction48

When the interplanetary magnetic field (IMF) is southward, magnetotail reconnec-49

tion brings solar wind plasma and energy into the inner magnetosphere and ionosphere50

via three different modes: Steady Magnetospheric Convection mode(SMC), magnetic sub-51

storms, and the comparatively less-explored phenomenon of sawtooth events. In SMC,52

the magnetosphere does not accumulate solar wind energy but redirects it from the day-53

side to the nightside by a nearly balanced reconnection rate on both sides (Sergeev et54

al., 1996; DeJong et al., 2008). Conversely, during the magnetospheric substorm, the mag-55

netosphere acts as an energy reservoir, storing solar wind energy in the tail lobes and56

then releasing it into the inner magnetosphere and ionosphere. For an isolated substorm,57

the process of loading/unloading energy is localized near midnight in magnetic local time58

(MLT) (Russell & McPherron, 1973; Hones Jr. et al., 1984). In some cases, this load-59

ing/unloading energy occurs over a wider MLT region, during a longer time period, and60

quasi periodically with more than two oscillations. This mode is termed a global saw-61

tooth event (Reeves et al., 2002; Henderson, 2004). The reason for the magnetosphere’s62

preference for one mode over the other in response to the solar wind energy input is still63

unknown.64

Global sawtooth events, identified as quasi-periodic, large-amplitude oscillations65

in energetic particles at geosynchronous orbit (Belian & Cayton, 1989; Borovsky et al.,66

1993) with a periodicity of 2–4 hours (Cai & Clauer, 2009), derive their name from the67

saw blade-like characteristics of particle injections marked by a gradual decrease (growth68
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phase) followed by a sharp increase (onset) (Belian et al., 1995). These energetic par-69

ticle flux oscillations are correlated with magnetic field changes in the tail, at geostation-70

ary orbit, and ground stations, as well as changes in the auroral electrojet index, auro-71

ral precipitation, and polar cap indices (Huang et al., 2003; Kitamura et al., 2005; Cai72

et al., 2006; Henderson et al., 2006; Huang & Cai, 2009; Troshichev & Janzhura, 2009).73

These observations suggested that the sawtooth mode is generated by an internal mag-74

netospheric instability (Huang, 2011); however, there are studies that claim sawtooth events75

are generated by external parameters in solar wind drivers (Lee et al., 2004, 2006; Cai76

& Clauer, 2013). Cai and Clauer (2009, 2013) compiled a comprehensive list of sawtooth77

events spanning from 1996 to 2007, encompassing a total of 126 events. Cai et al. (2011),78

through extensive statistical analysis, examined the relationship between sawtooth events79

and geomagnetic storms and found that a substantial majority, 94.6%, of sawtooth events80

occurred during geomagnetic storms.81

During geomagnetic storms, the O+ density and pressure and its occurrence fre-82

quency in the plasma sheet and lobe are enhanced (Kistler et al., 2006, 2010; Liao et al.,83

2010). The ionosphere is the main source of O+ ions in the magnetosphere (Shelley et84

al., 1972; Sharp et al., 1974), predominantly from two regions: the dayside cusp and the85

nightside auroral region (Yau & André, 1997) and the increase of O+ outflow during storms86

has been reported from both sources e.g. (Yau et al., 1988; Cully et al., 2003; Nowrouzi87

et al., 2023). Cusp-origin O+ flows along the open field lines to the lobe and enters the88

plasma sheet during reconnection in the tail. The field lines in the nightside auroral re-89

gions are directly connected to the plasma sheet. The occurrence of sawtooth events dur-90

ing storms, when O+ is enhanced, suggests that the cause of substorms may be related91

to the O+.92

Brambles et al. (2011) incorporated ionospheric O+ fluence into the multifluid Lyon-93

Fedder-Mobarry (LFM) model (Lyon et al., 2004) and demonstrated that strong O+ flu-94

ence can generate sawtooth events in simulations. Ouellette et al. (2013) investigated95

the mechanism for driving the events and introduced a hypothesis for the periodicity of96

sawtooth events: the periodic loading and unloading of O+ ions through ionospheric out-97

flow into the plasma sheet changes the reconnection rate within the magnetotail current98

sheet. These variations in reconnection rate lead to distinct magnetic field configuration99

changes in the tail, releasing an O+-rich plasmoid and sending particle precipitation and100

Alfvénic waves towards the ionosphere, which drives more outflow for the subsequent saw-101

tooth in the cycle. This mechanism suggests that it is nightside O+ outflow that is re-102

sponsible. Using simulation Brambles et al. (2013) found that for an event driven by coro-103

nal mass ejections (CME) with steady solar wind conditions, nightside O+ fluence was104

required to generate the sawtooth oscillations. In contrast, sawtooth events driven by105

streaming interaction regions (SIR) could be driven without O+ fluence. Using a physics-106

based model, Varney et al. (2016) simulated a sawtooth event under steady solar wind107

conditions and found that the cases that developed sawtooth oscillations had strong out-108

flow in the midnight auroral region. Zhang et al. (2020) investigated whether cusp out-109

flow could also drive sawtooth oscillations. They found that while only 10% of dayside110

cusp O+ outflow reached the plasma sheet, it was sufficient to induce sawtooth oscilla-111

tions. Finally, Wang et al. (2022) showed that kinetic reconnection in the magnetotail112

can reproduce the periodic loading and unloading of the magnetic flux in the magneto-113

sphere even without ionospheric outflow. Thus, from the simulation results, sawtooth114

oscillations can be driven by either nightside or dayside outflow or from strong driving,115

independent of outflow.116

The magnetotail observations also do not give a clear picture. Liao et al. (2014)117

investigated and compared the composition of the plasma sheet during sawtooth events118

and isolated storm-time substorms. While the O+/H+ ratio was higher on average dur-119

ing the sawtooth substorms, there were substorms with a high O+/H+ ratio for no saw-120

tooth events, as well as sawtooth substorms with a low O+/H+ ratio.121
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Regarding the source of the O+ nightside aurora outflow vs. dayside cusp outflow122

during the sawtooth substorms, an observational study showed that the cusp is the pre-123

dominant source of O+ ions in the 15-20 Re plasma sheet where sawtooth events driven124

by SIRs and CMEs (Lund et al., 2018). This is where the near-Earth neutral line is typ-125

ically located, therefore, where the plasma sheet composition would potentially affect re-126

connection.127

Therefore, neither the simulations nor the observations have been conclusive on the128

role of O+ in driving sawtooth oscillations. However, another aspect that might help to129

clarify the role of O+ is to determine how the ion outflow varies in intensity and loca-130

tion between storms with sawtooth oscillations and storms without. Since global saw-131

tooth oscillations occur during some, but not all geomagnetic storms (Borovsky, 2004),132

it is worthwhile to investigate the variation of ionospheric O+ outflow during CME storms,133

comparing those with sawtooth events to those without sawtooth events. If either day-134

side or nightside O+ outflow is involved in triggering sawtooth events, we would expect135

significant differences in the outflow characteristics for these two types of events. Since136

most of the sawtooth teeth occur in the main and recovery phases (Cai et al., 2011), the137

outflow characteristics are investigated during different storm phases.138

2 Data and Methodology139

To examine the role of ionospheric O+ outflow in driving sawtooth events, this study140

measures the averaged ionospheric O+ and H+ outflow during geomagnetic storms and141

compares the outflow during sawtooth storms (i.e., storms with sawtooth oscillations)142

with the outflow during non-sawtooth storms. For this purpose, we will use the list of143

all CME storms with clear main and recovery phases and with a minimum value of Dis-144

turbance storm time index (Dst) less than −50nT , from 1996 to 2007, published in Nowrouzi145

et al. (2023). This list contains information about the time of the initial, main, and re-146

covery phases, as well as the solar wind driver for each storm. Our process involved cross-147

referencing each storm from this list with the corresponding period in this list of saw-148

tooth events from 1996-2007, (Cai & Clauer, 2009, 2013). If a storm in the first list in-149

volves a sawtooth event in the second list, we label the storm as a sawtooth storm; oth-150

erwise, it is labeled as a non-sawtooth storm.151

Since simulations such as (Brambles et al., 2013) and (Varney et al., 2016), find152

that ionospheric O+ outflow is only needed during storms with steady solar wind con-153

ditions to drive the sawtooth mode, this study is limited to the geomagnetic storms which154

are driven by CMEs. Also, to reduce the effect of the storm’s intensity on this sawtooth/non-155

sawtooth comparison, this statistical analysis only examines moderate storms with −150nT ≤156

Dstminimum ≤ −50nT . In Figure 1, the minimum Dst of all CME moderate storms157

used in this study are plotted. The red and blue circles represent the sawtooth and non-158

sawtooth storms, respectively. The orange line shows the smoothed daily average of F10.7,159

the solar radio flux at 10.7 cm as an indicator of solar activity, during solar cycle 23, which160

spans from 1996 to 2008. It is observed that sawtooth events during moderate CME storms161

are observed in all the solar cycle’s phases, however they are more common in the so-162

lar cycle’s maximum phase with 180s.f.u. < F10.7 (or less common during the mini-163

mum phase with F10.7 < 180s.f.u. ). In Figure 1, the moderate CME storms include164

158 sawtooth injections. In total, there are identified 4 teeth during the initial phase,165

88 teeth during the storm main phase, 52 teeth during the early recovery phase, and 14166

teeth during the long recovery phase.167

The Fast Auroral Snapshot Explorer(FAST) spacecraft was launched in August 1996168

to advance the study of auroral acceleration physics and magnetosphere-ionosphere cou-169

pling. FAST was placed into an elliptical polar orbit characterized by a period of 133170

minutes, an inclination angle of 83◦, a perigee altitude of approximately 350 km, and an171

apogee altitude of roughly 4175 km (Carlson et al., 1998). On the FAST spacecraft, the172
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Figure 1. The scatter plot of the minimum Dst for CME sawtooth storms (red) and CME

non-sawtooth storms(blue). The orange line shows the F10.7 indices for the 23rd solar cycle.

TEAMS instrument measured the 3-D distribution functions of particle species H+, O+,173

He+ and He++, (Klumpar et al., 2001). This study employs the recently recalibrated174

TEAMS L2 data 1 to calculate the ionospheric outflow flux of O+ and H+ ions with the175

following equation.176

Φ(m) = 2π

∫ Ecutoff

E=10eV

dE

∫
j(m,E, α)| sin(α) sin(∆α)cos(α)cos(∆α)|dα (1)

In equation 1, the variables α, ∆α, E, and j(m,E, α) represent the pitch angle in177

the center of the bin, half-width of the pitch angle bin which is 11.25◦, energy, and en-178

ergy flux in the center of the bin for the species m, respectively. To exclude contribu-179

tions from the magnetosphere and ram plasma within ionospheric outflow measurements,180

the energy flux is integrated over the energy range from 10eV to the dynamic cutoff en-181

ergy, as described in detail by Hatch et al. (2020); Zhao et al. (2020); and Nowrouzi et182

al. (2023). This study utilizes data collected between 1500 km and 4200 km altitude of183

the northern and southern hemispheres. The net flux is normalized by mapping it to 300184

km by using the IGRF model. Using the described methodology, the O+ and H+ out-185

flow fluxes acquired from the northern and southern hemispheres are combined and cal-186

culated for the list’s pre-storm and storm phase intervals.187

Subsequently, the outflow rate (fluence) of O+ and H+ are quantified. The ion species188

fluence is determined by multiplying the averaged outflow flux and the surface area:189

1 most of the recalibrations were detailed in the Appendix section of Nowrouzi (2022)
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fluencejk = (
Σ

njk−1
i=0 fluxi

njk
)×Ajk (2)

Where Ajk is the area covered by bin jk at a mapped altitude of 300 km and njk is the190

number of samples in that bin. Outflow fluxes are grouped into storm phases for both191

sawtooth and non-sawtooth storms192

Figures2 and 3 display the mapped net outflow fluxes of O+ and H+ in the polar193

region, respectively. The data in Figure 2 are divided into the three storm phases (ini-194

tial, main, and recovery) in the three columns. The top panel illustrates the outflow flux195

along the spacecraft trajectory for Invariant Latitude (ILAT) values greater than 50◦ from196

all CME-driven storms during each storm phase. The black circles in these figures are197

spaced in 10◦ ILAT increments from all CME-driven storms during each storm phase.198

In the next panels, the data space is binned within the range of 50◦ < ILAT < 90◦199

and 0 < MLT < 24 into 40◦ ILAT bins, each with a width of 1◦ and 24 Magnetic Lo-200

cal Time (MLT) bins, each with a time width of 1 hour. Subsequently, the average ion201

outflow flux within each MLT-ILAT bin is calculated and assigned to that bin in the large202

dials. The number of measurements in each MLT-ILAT bin is presented in the smaller203

dials, plotted on the top of each big dial. The second panel illustrates the average out-204

flow flux for all CME storms, which is shown in the trajectory panel. Then, the data plot-205

ted in the trajectory panel were divided into two groups, the sawtooth and non-sawtooth206

storms, and the averaged outflow flux of each group is plotted in the third and fourth207

panels.208

3 Data Analysis and Discussion209

In Figures 2 and 3, the lack of data samples in a few MLT-ILAT bins with lower210

latitudes (indicated in gray) limits the analysis of outflow fluxes to 60◦ < ILAT < 90◦.211

A visual comparison of the third and fourth panels shows that during the initial phase(left212

column), the O+ and H+ outflow fluxes in 70◦ < ILAT < 80◦ are stronger during non-213

sawtooth storms than during sawtooth storms. In the main phase, the different locations214

of the dominant outflow between sawtooth and non-sawtooth storms are considerable.215

During sawtooth storms, the peak outflow is observed in the dawn region, between 3 MLT216

and 8 MLT, mostly between 70◦ and 60◦ ILAT, while for non-sawtooth storms, the peak217

is closer to noon, spanning from 7 MLT to 13 MLT and between 80◦ and 65◦ ILAT. Dur-218

ing the recovery phase, both sawtooth and non-sawtooth storms display the dayside cusp219

outflow from 7 MLT to 14 MLT, while the sawtooth storms show an additional large O+
220

outflow on the dawnside from 2 MLT to 6 MLT, not observed in non-sawtooth storms.221

On the nightside, the high O+ outflow in non-sawtooth storms shows a ∼ 5◦ equator-222

ward shift of latitudinal location in sawtooth storms.223

To quantitatively compare the outflow fluxes between sawtooth and non-sawtooth224

CME storms, the fluence of averaged outflow fluxes in each MLT-ILAT bin is calculated225

from equation 2, summed into three-hour MLT bins over the ILAT range from 60◦ <226

ILAT < 90◦ and displayed in Figure 4. From left to right: the O+ fluence, the H+ flu-227

ence, and the ratio fluences of O+/H+ are plotted as a function of MLT for the initial228

phase at the top, the main phase in the middle and the recovery phase at the bottom.229

The red and blue lines indicate outflow fluences during sawtooth and non-sawtooth storms,230

respectively. The error bars denote the standard deviation (SD).231

In the initial phase, non-sawtooth storms show higher O+ and H+ outflow fluences232

than sawtooth storms in all MLT sectors, except before midnight, where sawtooth and233

non-sawtooth fluences are comparable in both O+ and H+ plots. The O+ outflow flu-234

ence is up to 10 times larger in non-sawtooth storms than in sawtooth storms in some235

MLT sectors. This observation aligns with previous observational studies indicating a236

correlation between sawtooth events and solar wind, for instance, a study suggesting that237
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Figure 2. The top panel shows mapped O+ outflow flux along the FAST trajectories for all

moderate CME storms. Horizontally, columns display data during the initial, main, and recov-

ery phases. The average of the first panel data is illustrated in the second panel. The third and

fourth panels represent the averaged O+ outflow flux from sawtooth storms and non-sawtooth

storms, respectively. The big dials indicate the averaged outflow and the small dials show the

number of data points in each bin.
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Figure 3. The mapped H+ outflow flux in the polar region. The format is the same as in

Figure 2.
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Figure 4. From left to right, the panels illustrate the O+ and H+ fluences and their ratio.

Top to bottom, the panels display the mapped outflow flux fluences during the initial, main, and

recovery phases as a function of MLT for sawtooth storms in red and non-sawtooth storms in

blue.

sawtooth events do not occur when solar wind magnetic flux is higher than a threshold238

(Cai & Clauer, 2013).239

During the main phase, the O+ outflow fluence at noon is higher in non-sawtooth240

storms than in sawtooth storms, but, as noted above, the peak O+ outflow is shifted to-241

ward dawn in sawtooth storms. During the recovery phase, the outflow on the dayside242

is comparable. This suggests that it is not significantly higher dayside O+ outflow that243

is driving sawtooth events. However, it is possible that the enhanced dawnside outflow244

can populate the plasma sheet better than the outflow closer to noon, and so it has a245

greater effect.246

Although during the main phase, sawtooth events display larger O+ outflow be-247

fore midnight than non-sawtooth events, during the recovery phase, this pattern is ob-248

served in the after-midnight MLT sectors. Before midnight, non-sawtooth storms show249

about 5 times higher O+ outflow fluence than sawtooth storms. While enhanced night-250

side outflow could help to drive sawtooth events during the main phase, this observa-251

tion argues against it being a cause during the recovery phase.252

The observations for H+ outflow fluence during storm phases are similar to the O+
253

outflow fluence; however, the difference between sawtooth and non-sawtooth is weaker254

in the outflow fluence of H+ than in the outflow fluence of O+. In the ratio plot on the255

right, a higher O+/H+ is observed mainly during non-sawtooth storms than during saw-256

tooth storms. However, the notable exceptions in the pre-midnight MLT sectors are con-257

siderable.258

4 Summary and Conclusions259

This paper performed a statistical analysis on 11 years of FAST/TEAMS charged260

particle data from 1996 through 2007, focusing on CME-driven moderate storms. The261
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objective of the study was to explore any observational evidence showing differences in262

ionospheric outflow between sawtooth and non-sawtooth storms that support the role263

of O+ outflow in driving sawtooth oscillations. The observations indicate that the lo-264

cation of high ionospheric outflow differs between sawtooth and non-sawtooth events.265

This study reveals that:266

1- In the initial phase, the non-sawtooth storms generate larger O+ outflow than267

sawtooth storms in most MLT sectors. Since the initial phase outflow would be the first268

to reach the plasma sheet during a storm, this suggests that, at least in the early phase269

of a storm, the cusp outflow is not important in triggering the sawtooth oscillations or270

may even suggest that the initial phase outflow from the cusp, if anything, suppresses271

sawtooth oscillations.272

2- During the main and recovery phase, the O+ outflow fluence in the nightside re-273

gion is higher in sawtooth storms than in non-sawtooth storms during the pre-midnight274

sector of the main phase and the post-midnight sector of the recovery phase and signif-275

icantly lower during the post-midnight sector of the recovery phase.276

3- During the main and recovery phases, while the outflow at noon is lower dur-277

ing sawtooth storms, the peak of the O+ outflow is shifted toward the dawn sector in278

sawtooth storms. This suggests that while the levels of peak O+ outflow are compara-279

ble between sawtooth and non-sawtooth storms, their spatial distribution differs. Con-280

sequently, this difference in location may help with access to the plasma sheet.281

In summary, there are significant differences in the outflow patterns between storms282

with sawtooth oscillations and storms without. However, the observations do not unam-283

biguously support one model over another, with differences observed both on the day-284

side and the nightside. The most compelling difference is that the location of the peak285

dayside outflow is shifted significantly towards dawn in the sawtooth storms, and we sug-286

gest exploring the impacts of this difference in future simulations.287
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