
Observations of the evolution of ion outflow during a sawtooth event
E J Lund[1,2,*], N Nowrouzi[1], L M Kistler[1], X Cai[3], and H U Frey[4]

[1]University of New Hampshire; [2]College Brook Scientific; [3]Virginia Tech; [4]University of California, Berkeley
*Corresponding Author: Eric.Lund@unh.edu

SM23B-2544

Motivation
• Sawtiooth events are quasi-periodic injections of ions at geosynchronous
 orbit [e.g., Cai and Clauer, 2009]
• Modeling suggests heavy ion feedback is needed to produce sawtooth
 events [Brambles et al., 2011]
• However, ion composition profile of sawtooth events does not significantly
 differ from non-sawtooth storm-time substorms [Liao et al., 2014]
• Further modeling suggests heavy ion loading only important for CME-driven
 events [Brambles et al., 2013]
• Simultaneous Cluster (in situ tail), FAST (in situ ion outflow), and IMAGE
 (global UV aurora) observations can be used to test this hypothesis

• One of three events meeting the following criteria:
 - Cluster in central plasma sheet
 - FAST near noon-midnight meridian
 - Identified as sawtooth event [Cai and Clauer, 2009]
• SIR-driven event
• Event has also been simulated [Brambles et al., 2013]
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Figure 1. OMNI solar wind and geomagnetic indices surrounding the event.
Oscillating IMF is a candidate driver for injections seen during the
latter half of the event

Figure 6. Overview of Cluster data from the tail. Note the loading prior to, and the unloading
after, each injection. The oxygen fraction is observed to decrease prior to two of the four
injections. The cold oxygen beam in the lobe originates in the southern postnoon cusp,
consistent with the simulation results

Figure 5. Overview of FAST data from the event. The second injection, which
occurs during a pass, is marked with a magenta bar; the others are marked to
the left of the subsequent pass. There is no consistent relationship between
injections and subsequent ion outflow

Figure 8. Top: IMAGE WIC stills from the FAST pass prior to and during the third injection. Middle: Detail of three consecutive FAST nightside passes bracketing the
last two injections. Bottom: IMAGE WIC stills from the fourth injection and the two FAST passes on either side. Injection and optical onset are marked as in Figure 5.
Although strong ion outflow is observed after the third injection, the outflow is much weaker in the other two passes, and the substorm associated with
the fourth injection is especially weak

Figure 7. Top: Selected IMAGE WIC stills from around the second injection. Magenta and green boxes mark the nearest image to the injection time and an identified
optical substorm onset [Frey et al., 2004], respectively. Bottom: Detail of FAST data from the nightside (before the injection, left) and dayside (after, right). Ion outflow
is both stronger and more energetic on the dayside, after the injection, in contrast to the usual pattern of more energetic outflow on the nightside

• Sawtooth event observed simultaneously by Cluster, FAST, and IMAGE
• Ion outflow can increase or decrease subsequent to onsets/injections
• Cluster observes oxygen beams in lobes
• No evidence that heavy ion feedback is occurring
• Consistent with Brambles et al. [2013] result for SIR-driven event

Summary
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Figure 2. LANL geosynchronous data showing four sawtooth injections.
Gray bars show times of FAST passes during the event

      
0.00.5
1.0
1.52.0

To
ta

l P
 (n

Pa
)

      
0.01
0.10
1.00

10.00

      
100

1000
10000

      
100

1000
10000

1
10
100
1000

1/
cm

2 -s
-s

r-(
eV

/e
)

      
100

1000
10000

      
100

1000
10000

0.1
1.0
10.0
100.0

      
050

100
150

      
050

100
150

1
10
100

      
0.001
0.010
0.100
1.000

      
0.001
0.010
0.100
1.000

17.9
3.3

12.2
-12.8
20.9
0400

Oct 24

19.0
1.1

13.8
-13.0
21.2
0800

19.5
-1.1
14.8
-12.6
21.2
1200

19.5
-3.2
15.2
-11.7
20.8
1600

18.9
-5.3
14.9
-10.3
20.6
2000

17.7
-7.0
13.9
-8.4
20.7
0000

Oct 25

0.01
0.10
1.00

DIST
GSEZ
GSEY
GSEX
MLT
hhmm
2002 

β

H+ (eV)

O+ (eV)

0.
04

-4
 k

eV

Pi
tc

h
An

gl
e

O
+

H+

 n
 (c

m
-3
)

O+ n fraction 

O+

H+

O+

O+ P fraction 
 (n

Pa
)

 P

       
10

100
1000

10000

El
ec

tro
ns

 (e
V)

       
103

109

eV
/(c

m
2  s

 s
r e

V)

       
10

100
1000

10000

Io
ns

 (e
V)

       
102

107

eV
/(c

m
2  s

 s
r e

V)

       
-90

0
90

180
270

Io
n 

PA
(0

.0
3-

1 
ke

v)

       
102

107

 

       
-90

0
90

180
270

Io
n 

PA
(1

-3
0 

ke
v)

       
102

107

 

       
1

10
100

1000
10000

H
+ 

(e
V)

       
102

106

eV
/(c

m
2  s

 s
r e

V)

50
12:31
23.1
3299

55
12:35
23.3
3473

60
12:38
23.5
3619

65
12:42
23.8
3734

70
12:46
0.3

3814

75
12:50
1.1

3855

80
12:57
4.4

3801

1
10

100
1000

10000

O
+ 

(e
V)

102

106

InvLat
UT
MLT
ALT

              

              

              

              

              

50
16:49
22.5
3243

55
16:52
22.6
3419

60
16:56
22.6
3569

65
16:59
22.6
3689

70
17:03
22.7
3778

75
17:06
22.8
3835

80
17:10
23.0
3857

              

              

              

              

              

50
14:39
22.8
3228

55
14:43
22.9
3406

60
14:46
23.0
3558

65
14:49
23.2
3682

70
14:53
23.5
3775

75
14:57
23.9
3835

80
15:01
0.7

3857

#1 (05:42)

(10:52) #2

#3 (14:04)

#4 (16:38)

Supported by the NASA Heliospheric Supporting Research Program
under grant NNX15AQ91G

BRAMBLES ET AL.: EFFECTS OF OUTFLOW ON SAWTOOTH EVENTS

Figure 10. Daily average of the outflow flux mapped to a
reference altitude of 100 km in (top) northern hemisphere

and (bottom) southern hemisphere during 24 October 2002
sawtooth event.

The hemispheric outflow rate from the southern, summer
hemisphere is generally larger than the northern, winter
hemisphere, which is consistent with the results from the
simulated 18 April 2002 storm.

[34] The morphology of the average daily outflow flux

for the simulation is shown in Figure 10. Hourly averages
show a similar pattern to the daily average since the IMF
varies in a consistent manner throughout the day. However,
the magnitude of the outflow flux varies with the magnitude
of the oscillating IMF. The outflow is located throughout
the auroral oval with nightside peaks in both the premid-
night and postmidnight sectors at approximately 67

ı MLAT.

A greater outflow flux is generated on the dayside for the
SIR event than in the simulated ICME event, a consequence
of the more variable solar wind conditions during the SIR
event. The resulting variability along the dayside magne-
topause boundary stimulates Alfvén waves propagating to
low altitude on the dayside. This Alfvénic power drives a
dayside outflow flux in the simulation that is larger than the
nightside outflow flux, with similar morphology in both the
northern and southern hemisphere. The increase in hemi-
spheric outflow rate in the southern hemisphere is due to a
larger magnitude of outflow flux in the southern hemisphere,
rather than an increased area of flux. The peak outflow flux
in the northern hemisphere is

2.3 109 O+ /cm2/s compared

to

3.5 109 O+ /cm2/s in the southern hemisphere.

4.2. Results

[35] The 24 October 2002 storm produced eight particle

injections at LANL geostationary satellites that

Huang et al.

[2004] associated with substorms. Four of these substorms
satisfy the

Cai and Clauer [2009] conditions for a sawtooth

substorm. Table 2 lists the 8(4) onset timings. In contrast
to the 18 April 2002 event, this event has not been studied
in great detail. During this event Geotail was located in the
solar wind and therefore cannot be used to calculate themag-
netotail open flux as for the 18 April 2002 event. The timings
of the simulated substorms, estimated using the open flux
in the polar cap and magnetic fields in the tail will be com-

pared to timings of the observed substorms from the LANL
data. In addition, the magnetic fields in the simulation will
be compared to the magnetic fields observed from GOES 8
and 10.

[36] Figure 11 shows the polar cap magnetic flux from the
baseline and outflow simulations, calculated using the same
method as for the simulated 18 April 2002 storm. The open

Table 2. Onset Times for the 24 October 2002 Sawtooth Event From Observations Reported by Cai and Clauer [2009] andHuang et al.
[2004], Baseline Simulation and Outflow Simulationa

tesnOwofltuOtesnOenilesaBtesnOdevresbOtesnOdevresbOhtootwaS
Number (UT) [Cai and Clauer , 2009] (UT) [ Huang et al. , 2004] (UT) (UT)

1 0158 (0210) 0156 (0210)
2530)5040(553095302

)0060(8350)0060(0350545024503
4 0702 0702

)2190()0290(948095805
)0011(2401)0011(2401450125016

7 1205 (1205) 1207 (1200)
)0431(1041)0431(5531004130418

9 1500 1508
)2461(8071)5461(05618461836101
)5381(45818481009111

12 2005 (1940) 2005 (1954)
)0112(12127212721231

aOnset times for baseline and outflow simulations are calculated using the open magnetic flux in the polar cap. Onset times using magnetic fields at 9
R E in the nightside magnetosphere are enclosed in parentheses.

6036

0

Figure 3. Average ionospheric outflow
from the northern (top) and southern
(bottom) hemispheres in the simulation
of Brambles et al. [2013]. The FAST
trajectory (invariant latitude vs. MLT)
from the orbit containing the second
injection is overlaid on the southern
hemisphere plot. The southern cusp/
postnoon sector is the dominant
outflow source region
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Figure 4. Spacecraft locations during the
event, per SSCWeb


