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Abstract. Acceleration of magnetosheath plasma resultingrence of magnetic reconnection between the magnetosphere
from the draping of the interplanetary magnetic field (IMF) and the magnetosheath magnetic fields, as first postulated by
around the magnetosphere can give rise to flow speeds th&ungey (1961) (see, e.g., Paschmann et al., 1979; Sonnerup
exceed that of the solar wind’§y) by up to~60%. Three etal., 1981; Gosling et al., 1982).

case event studies out of 34 identified events are described. Plasma acceleration can also occur inside the magne-
We then present a statistical study of draping-related acceltosheath close to, but outside, the magnetopause. These ac-
erations in the magnetosheath. Further, we compare the reselerated flows are not due to reconnection but are rather
sults with the recent theory of Erkaev et al. (2011, 2012). Wethe result of the draping of the interplanetary magnetic field
present a methodology to help distinguish draping-related ac(IMF) around the magnetosphere (e.g., Chen et al., 1993;
celerations from those caused by magnetic reconnection. Taavraud et al., 2007, 2013; Rosenqyvist et al., 2007; Petrinec
rule out magnetopause reconnection at low latitudes, we foat al., 1997; Lavraud and Borovsky, 2008; Harris, 2011).
cus mainly on the positiv8, phase during the passage of As explained below, a characteristic feature of these events,
interplanetary coronal mass ejections (ICMESs), as tabulatedavhich is useful in their identification, is that the flow tends

in Richardson and Cane (2010) for 1997-2009, and addingo be perpendicular to the local magnetic field. This is in
other events from 2010. To avoid effects of high-latitude re-sharp contrast to accelerations due to magnetic reconnection,
connection poleward of the cusp, we also consider spacecrafthere the flow has a large field-aligned component.
observations made at low magnetic latitudes. We study the For such an important subject, the documented examples
effect of upstream Alfvén Mach numbev/y) and magnetic  of draping-related accelerated flows are at present few in
local time (MLT) on the speed rati%/Vsw. The compari- number. Here we try to bridge this gap somewhat by a sys-
son with theory is good. Namely, (i) flow speed ratios abovetematic survey of data coverage lasting over several years.
unity occur behind the dawn—dusk terminator, (ii) those be-Our aim here is to establish a basis for observation of these
low unity occur on the dayside magnetosheath, and (iii) thereevents by formulating a methodology, and producing a data
is a good general agreement in the dependence df ttagio set that may be useful in future studies of this subject. We
onMa. identify 34 examples of ion accelerations in the magne-
tosheath that are likely the result of IMF draping around
the magnetosphere. We also carry out a statistical analysis
to determine global features of these accelerations, with fo-
cus mainly on magnetosheath speeds that exceed the speed of
1 Introduction the solar wind. A statistical survey of global magnetosheath

speeds for speeds smaller than the solar wind is undertaken
Accelerated flows at the magnetopause or its boundary layergy | avraud et al. (2013).

have traditionally received attention because they can pro-
vide a compelling observational confirmation of the occur-
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1780 B. Harris et al.: Observations of draping-related accelerated flows

In hydrodynamical models of the flow around an obsta- Table 1. Some important parameters that distinguish between
cle (e.g., Spreiter et al., 1966), the flow speed in the magdraping- and reconnection-related ion accelerations inGEv
netosheath never exceeds the solar wind speed. This is b&gquatorialplane.fyy is the angle between the locRland V' vec-
cause magnetic forces on the flow are neglected since thirs: Vsw s the speed of the solar wind.
magnetic field is introduced via the frozen-in condition af-

ter the solution of the flow problem has been obtained. But Oov Layer Acceleration
in a magnetohydrodynamic (MHD) treatment, and when the max
IMF is northward-pointing, the magnetic field is typically en-  Draping ~ 9P magnetosheath 16 Vsw
hanced near the magnetopause, and the density and plasmareconnection ~18C, 0° LLBL /Alfvén

p decrease in a layer of thickness proportional yo§ speed based on

(Lees, 1964; Zwan and Wolf, 1976; Erkaev, 1988; Phan el magnetosphere

al., 1994; Farrugia et al., 1995). This is called the plasma de- parameters

pletion layer/magnetic barrier (PDL), observational evidence
for which was first advanced by Crooker et al. (1979) and
Paschmann et al. (1978). Sonnerup (1976) pointed out that Our approach for identifying accelerations due to draping
the flow in this layer tends to align itself to become more is a combination of techniques used by Lavraud et al. (2007)
perpendicular to the magnetic field, and he called the resultand Rosengyvist et al. (2007). First, we choose events for
ing pattern “stagnation line” flow, as opposed to stagnationwhich the possibility of reconnection on the dayside mag-
point flow. netopause was minimized, and thus focus mainly (with few
We shall thus compare the observations and statisticaéxceptions) on an IMF clock angle 60°. Second, we try
trends with a MHD theory proposed recently (Erkaev et al.,to exclude accelerations observed high off the GSM equa-
2011, 2012). These authors used a semi-analytical approadbrial plane where it is possible to observe a flow burst due
to examine the magnetic and hydrodynamic forces due tdo reconnection poleward of the cusp, particularly when the
draping for IMF B, north. This theory predicts accelera- spacecraft is located tailward of the terminator. Third, we
tions due to draping globally on the surface of the magne-calculate the flows parallel and perpendicular to the local
topause for a given upstreaMp that reach up to values magnetic field. Flows parallel to the magnetic field lines are
of 60 % greater than the speed of the solar wind. The high-often characteristic of reconnection-induced flow bursts that
est speeds are reached on the nightside. This result was alsscur in the low-latitude boundary layer (LLBL) earthward
independently obtained by global MHD modeling (Lavraud of the magnetopause (e.g., Rosengyist et al., 2007). By con-
et al., 2007), and through observation (Lavraud et al., 2007{rast, as explained in the Introduction, flows perpendicular to

Rosengqvist et al., 2007). the magnetic field lines tend to be associated with IMF line
draping. Fourth, we use the magnetic field parameters in con-
Methodology junction with the plasma temperature and density as well as

) _ ~ theion and electron energy flux distributions to identify the
As a primary data set for the interplanetary Observat'onsmagnetopause and surrounding regions.

we use the Richardson and Cane (2010) interplanetary coro- 14 ynderstand the difference between reconnection and

nal mass ejection (ICME) list covering the period 1997— |k graping accelerations, a few parameters of interest when
2010, examining magnetopause crossings made by the Ge%tudying these flows are shown in Talile

tail, Cluster, and THEMIS spacecraft during the northward-

pointing phase of the ICMEs listed there. ICMEs and MCs

were chosen because of their strong magnetic field and cha2 Observations

acteristically low Alfvén Mach number in comparison to

the average solar wind (Farrugia et al., 1995; Lavraud andi€re we present three case studies illustrating a few impor-

Borovsky, 2008; Lavraud et al., 2013). Further, ienorth  tant features observed from the events included in our statis-

phase of ICME/MC passage at Earth tends to last for manyics. First, we show a straightforward example of a drap-

hours, thus increasing the possibility of having spacecraft obing event that has a well-defined magnetopause, and clear

servations in the right locale during such conditions. We havedraping signatures in the nearby magnetosheath. Second, we

also include other events from year 2010. show a double entry into the magnetosheath, each associ-
We present here a nonexclusive data set of IMF field line@ted with a draping-related acceleration. Finally, we show a

draping events during this time. Although many more ac-Uunique example of a skimming orbit where the spacecraft ob-

celerations were observed than are noted here during thigerves an acceleration on the boundary of the magnetopause

period, these events have not been included because thézr a very long time compared to the length intervals where

did not satisfy the guidelines set forth by our identification this behavior is generally observed.

methodology.
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Fig. 1. Event on 25 March 2002. From top to bottom: the proton density iﬁ%rproton temperature in KVysh and Vsy, in kms™1, are

the magnetosheath and solar wind speeds, respectiXgiyand Vperp are, respectively, the flow velocities parallel and perpendicular to the
local magnetic field. The Geocentric Solar Magnetospheric (GSM) components of the magnefa figld are measured in Ny, is the
angle between the local magnetic field and the ion veloggy.is the IMF clock angle, i.e., the polar angle in the GSMplane.

2.1 Event1 - Geotail 25 March 2002 on 25 March 2002. From top to bottom, the panels show
the proton density, temperature, and bulk speed (in red, the
To ensure that our methodology is effective, we will now ap- SPlar wind speed); the ion flows perpendicular (black) and
ply it to a more straightforward instance of IMF field line Parallel (blue) to the magnetic field; the solar wind speed
draping where there is little ambiguity about the location of (red); the color-coded magnetic field components_; and, inthe
the magnetopause. In Fijwe show data from an outbound bottom panel, the angle between_ the flow and field v_ectors
passage of Geotail through the LLBL into the magnetosheatt{?1ack) and the IMF clock angle (i.e., the polar angle in the

www.ann-geophys.net/31/1779/2013/ Ann. Geophys., 31, 177839 2013



1782 B. Harris et al.: Observations of draping-related accelerated flows

GSMYZplane: in red). The interplanetary data are from theval 05:15-06:00 UTC when the spacecraft was located at
ACE spacecraftin halo orbit around the L1 Lagrangian point.(—18.5, 19.9, 6.0)Rg, which is plotted in Fig2. Thus the
These have been shifted by the convection dedayjefined  event occurs tailward of the dusk terminator but a fRw
by the spacecraft separation in tkieirection divided by the  deeper down the nightside than the previous example. Al-
X component of the solar wind velocity. though the plasma parameters appear to fluctuate, there are
At 07:12 UTC (first vertical guideline), Geotail is located two distinct crossings from the LLBL into the magnetosheath
at (—11.69,—16.64,—1.52) Re (GSM coordinates), i.e., at between the vertical guidelines shown, where the magnetic
low GSM latitudes tailward of the dawn terminator. During field changes, the density increase, and temperature decrease
the period between the vertical guidelines, Geotail is in theoccur in step with each another. Reconnection is very un-
magnetosheath, as inferred from the high densities and lovlikely to occur given the latitude and the solar wind condi-
temperatures. The clock angle of the IMF throughout muchtions prevailing during the time of these crossings, as the two
of the time Geotalil is in the magnetosheath i$ §ottom accelerations seen here occur at IMF clock angles between
panel). 1 and 48. The maximum acceleration observed at each of the
Geotail crossed into the magnetosheath at 07:03 UTC. Itwo magnetosheath crossings reaches a value of 28 % higher
contrast to the preceding LLBL traversal, the density here isthan the speed of the solar wind.
high and the ion temperature low. Note the strongly north- The interplanetary cause of the double entry of Geotail
ward field orientation (panel 5). The steady situation ininto the magnetosheath is most likely a two-humped density
the magnetosheath lasts up to 07:35UTC, so the event i&and hence dynamic pressure) profile seen at Wind and start-
~32min long. From panels 3 and 4 it is seen that the flowing at 05:15 and 05:42 UTC, respectively. The Wind data are
of high-density plasma just tailward of the dawn terminator shown in Fig.3. During this time Wind was located at (223.0,
at low latitudes in the magnetosheath reaches and overtakes15.8, 10.7)Rg, i.e., close enough to the Sun—Earth line
the solar wind speed for almost 1/2 h. It is directed (panels 4for the measurements to represent those affecting the mag-
and 6) very close to perpendicular to the magnetic field. netopause after an appropriate delay time. Using the Geo-
This event is an easily identified example of IMF drap- tail location and aV, ~406 kms, the delay from Wind
ing because of three major factors mentioned previouslyto Geotail is~ 63 min. In the figure the UTC at Wind has
Namely, (i) it is in agreement with all our initial require- been shifted forward by this delay time. The times of the two
ments (low off the GSMYZ plane, and for low IMF clock dynamic pressure humps at Wind (panel 4) agree well with
angle), (i) it occurs outside of the magnetopause, and (iii) thethe times of the two excursions by Geotail into the magne-
bulk ion flow during the acceleration occurs perpendicular totosheath. The temporal separation of the encounters at Wind
the local magnetic field. We know that the magnetopause isand at Geotail supports this interpretation.
crossed at 07:03UTC at the first vertical guideline, where
a sharp increase in density occurs at the same time as @3 Event3 - Geotail: 20 August 2006

steep decrease in temperature and a change in magnetic field . ] ) ] )
parameters. This particular event is of great interest given the length of

The ion plasma flow from the Low Energy Particle (LEP) time (~ 1.75 h) that Geotail observes accelerated flows, the
instrument on Geotail (Mukai et al., 1995) reached a maxi-P€ak of which reaches values of 27 % above the speed of
mum speed 20 % greater than the speed of the solar wind, dhe sglar wind. Geotail is foIonvmg an inbound trajectory,
is evident from panel 3. We are sure this was not the result of70SSing the magnetopause tailward of the dusk terminator.
a short passage into the solar wind because of the proximitytS Position at 10:00UTC is<14.5, 22.3,—6.3) Re. Ob-

of this flow to the magnetopause and the steady values of the€"vations in the time interval 10:00-13:00UTC are plot-
solar wind dynamic pressure at ACE (not shown). ted in Fig.4. Flow speeds exceeding the solar wind speed

The flow is perpendicular to the magnetic fiefig(~9°) ~ are seen from 10:00 to 11:45UTC, before the first crossing
and extends throughout the entirety of Geotail's time in thelNt0 the LLBL, and in the second magnetosheath stay from
magnetosheath. Geotail's orbit practically skims the magne11:52 0 12:12UTC, under a strongly northward IMF. The
topause: the spacecraft is ati2.82,—16.32, 3.46)Re and f!ows are directed mamly_perpendl_cular to the Ioc_al magnetic
(—11.31,—16.39, 3.23)Re (GSE coordinates) at 06:24 and field (fourth panel)._ The increase in protp_n densllty centered
08:00 UTC, respectively. That is, while tailward of the ter- &round 11:20 UTC is not due to any transition region between
minator it moves predominantly in theX direction. So this the magnetosheath .and the magnetosphere. Rather, it is likely
flow pattern is indicative of an extended stagnation line flow tN€ result of a density peak observed by ACE at 10:16 UTC

downtail of the terminatorsX(gsm < 0). (not shown).
2.2 Event 2 — Geotail: 13 April 1998

While on an inbound pass on 13 April 1998, Geotail ob-
served a double acceleration event during the time inter-

Ann. Geophys., 31, 1779789 2013 www.ann-geophys.net/31/1779/2013/
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Fig. 2. Event on 13 April 1998. Two crossings into the magnetosheath are shown between pairs of vertical guidelines where the maximum
sheath speed exceeds that of the solar wind.

A long-lasting event is presented by Rosenqvist et3 Statistical results: comparison with theory
al. (2007) where the duration of the accelerated flow is on
the order of 15min. These are exceptional examples, conAs magnetic field lines drape over the magnetosphere, they
sidering that most accelerations we have studied are on thare stretched and distorted. This process is commonly re-
order of 2-5min. These accelerations are often short-livederred to as field line draping. This draping effect creates a
because they are identified next to the magnetopause whefgnsion force on the magnetic field lines that, together with
the draping effect is strongest, and the probability of a spacethe total pressure gradient force, causes the local plasma that
craft skimming the magnetopause during a Idf- period  carries the field line around the magnetosphere to be acceler-
(where the plasma depletion layer increases in size) is decidated. The steady state MHD momentum equation is given by
edly low. Geotail crosses the magnetopause-a5(1, 21.3,

—6.3) (GSE). pv-Vv=J xB—-VP = Fg — VII. (1)

www.ann-geophys.net/31/1779/2013/ Ann. Geophys., 31, 177839 2013
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Fig. 3. Interplanetary data from Wind for the event on 13 April 1998: proton density, temperature, bulk speed, dynamic pressure, GSM
components of the magnetic field, total field strength, Alfvén Mach number, and IMF clock angle.

The Lorentz force and the gradient of the thermal plasmaErkaev et al. (2011, 2012), to which we refer the reader
pressure have been expressed as the sum of the magnetic ctor further details. This is in contrast with reconnection-
vature force Fg) and the gradient of the total pressure. The related accelerations that occur on the earthward side of the
physical mechanism in which these two forces contribute tomagnetopause.

the acceleration of magnetosheath plasma has been explainedin brief, we expect the total pressure gradient force on
by Farrugia et al. (1995), Lavraud et al. (2007, 2013), andthe dayside of the magnetosphere to reinforce the magnetic

Ann. Geophys., 31, 1779789 2013 www.ann-geophys.net/31/1779/2013/
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Fig. 4. Event on 20 August 2006. Same format as in Fig. 3. Notice the paragggterhich is plotted at the bottom with the clock angle of
the IMF k. Opy is practically constant at 9Cor 1.75 h in the magnetosheath leading up to the first magnetopause crossing at 11:45UTC.

curvature force because they point in the same direction (tailwhen the net force vanishes, which Erkaev et al. (2011, 2012)
ward), causing the magnetosheath particles to accelerate taipredicted should occur a feRg tailward of the terminators.
ward (Chen et al., 1993; Lavraud et al., 2007). Near the ter- Table 2 is a list of acceleration events, which represents
minators, this magnetic curvature force can reverse directiom nonexclusive survey of the Richardson and Cane ICME
and oppose the total pressure gradient force depending on tHist from 1997 to 2009 for Geotail, Cluster, and Themis,
shape of the magnetosphere assumed. (We use the Shue et ahd events in 2010. Previously, there were only a handful of
1997, magnetopause shape.) Far downstream of the terminavents ever suggested to be related to draping, so this set of
tors on the magnetopause, this change in direction of the cur34 events represents many useful examples of IMF draping
vature force will reduce the acceleration until the net force isaccelerations.

zero. The maximum plasma speed due to draping is reached

www.ann-geophys.net/31/1779/2013/ Ann. Geophys., 31, 177839 2013
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Table 2. Event list.

Day Mol Year Time Vpnsw/V3, MAS, Pdyf, MLTS XGSME . ZGSMmsh Odkswy SC

msh
11 10 1997 14.47 1.31 3.75 1.42 03:54 -11.02 6.86 57.2 GE
22 11 1997 19.0 1.67 1.45 1.56 03:.06 —-19.70 -1.13 29.2 GE
13 4 1998 5.33 1.34 4.63 1.08 20:49 —-18.37 6.20 27.4 GE
13 4 1998 5.75 1.22 3.90 1.02 20:51 -—-18.49 5.78 0.20 GE
23 1 1999 12.82 1.14 5.93 4.98 02:51 —-20.43 -0.92 57.0 GE
26 5 2000 18.8 1.30 22.0 0.00 20:38 —14.28 9.17 29.8 GE
11 6 2000 18.04 1.13 8.75 3.08 20:21 -12.11 6.02 39.1 GE
12 4 2001 15.20 1.39 2.10 0.56 20:21 -13.76 7.00 50.8 GE
12 4 2001 1554 1.16 2.20 0.58 20:24 —-14.03 7.44 524 GE
12 4 2001 16.10 1.30 3.71 1.54 20:28 —-14.29 7.89 52.2 GE
31 5 2001 7.33 1.40 3.94 0.43 20:08 —-14.86 4.96 55.0 GE
25 11 2001 7.35 1.44 3.42 6.45 19:00 -3.70 —-3.36 27.6 CL
25 11 2001 8.43 1.29 2.41 8.51 19:04 —3.46 —4.78 29.4 CL
25 11 2001 9.23 1.61 2.77 8.80 19:05 -3.32 1.68 6.9 CL
28 12 2001 22.1 1.06 9.68 3.92 02:59 -16.98 -3.24 329 GE
19 1 2002 11.78 1.44 3.75 4.20 03:17 —20.02 2.66 40.8 GE
25 3 2002 7.52 1.21 2.85 2.04 03:39 -11.69 -1.52 62.8 GE
20 5 2002 5.87 1.13 5.50 3.83 21:13 —-21.58 8.58 59.4 GE
17 11 2002 5.19 1.31 5.63 2.87 19:36 —5.66 —5.45 55.0 CL
17 11 2002 4.89 1.26 5.50 3.00 19:33 —5.76 —4.76 45.0 CL
21 11 2003 2.73 1.28 4.29 4.07 19:15 -3.81 -5.72 31.7 CL
20 8 2006 10.86 1.36 3.21 1.25 20:20 -14.85 —-16.47 12.1 GE
19 11 2006 18.54 1.26 4.24 0.91 19:17 -3.47 -11.33 62.1 CL
19 11 2006 19.84 1.20 4.45 0.96 19:14 -3.03 —-11.01 59.6 CL
3 12 2006 135 1.03 16.4 1.40 19:03 —2.60 —8.39 79.6 CL
14 2 2007 19.9 0.88 10.0 2.08 13:43 8.95 5.19 675 CL
21 6 2009 11.9 1.28 5.05 0.63 05:27 —6.54 —-7.61 79.0 CL
27 6 2009 12.19 1.14 12.1 1.07 06:04 0.28 0.05 29.8 CL
12 12 2009 17.21 1.20 8.07 1.80 19:11 —3.46 —6.99 44.2 CL
12 12 2009 17.70 1.15 7.80 1.80 19:08 -3.32 —6.85 75.0 CL
4 1 2010 4.95 1.15 12.5 2.80 06:31 208 -0.11 80.8 CL
3 3 2010 6.15 0.91 14.2 2.01 11:10 9.99 —-8.70 85.0 CL
1 4 2010 16.9 0.96 12.6 1.50 09:53 5.70 —9.76 69.8 CL
3 4 2010 23.0 0.93 9.37 2.28 10:10 5,56 -10.72 85 CL

1 Mo.=month,2 Vmsh/ Vsw = magnitude of velocity measured in the magnetosheath divided by the velocity magnitude in the soldmwng, = the Alfvén
Mach number of the solar Wind,der};W: dynamic pressure of the solar WirIMLT = magnetic local time of the spacecraﬁtXGSMmsh: X position of the
spacecraft in the magnetoshea?tmdk(sw) =clock angle of the IMF measured by the spacecraft upstream of the Earth’s bow %Iﬁﬁk;,spacecraft.

We now present our statistical analysis and compare thdar wind delay, which during an ICME with largely constant
results with theory. Figurb shows a scatter plot of the max- velocity is small, and for our cases was %.
imum observed speed ratio verskisexpressed as a fraction The following points may be made: (i) for both sets the
of the subsolar radius of curvaturkg, calculated from the highest speed ratios are reached aboutRE5tailward of
Shue et al. (1997) model, for two contrasting ranges of thedawn—dusk terminator. (ii) For the smalldfs range the
Alfvén Mach number, namely/, in the range [4, 6] (low; speedratio is higher. These observations are in general agree-
black) andMp > 12 (high; red). The plot here is effectively ment with the theory of Erkaev et al. (2011). We use a poly-
columns 5 and 9 of Table 2, calculated in terms of the Shue ehomial fit for this plot since the curves in Erkaev et al. (2011)
al. (1997) subsolar radius of curvatufg,. The higher Mach  are obtained through numerical integration.
number points occurred both during higliég, periods of the In Fig. 6 we plot the ratio of the maximum observed ion
ICMEs and MCs, as well as during a broader period that wasselocity compared to that of the solar wind as a function of
browsed in the search for transients. Error bars are excluded/a. Overlaid in blue in Fig. 6 is the theoretical maximum
from the plots for visual clarity, because the sources of errorvelocity ratio for a givenMa as well as the curve of best fit
were small. The greatest contributor to error was in the sofor the observational points (red). For the latter we used a

geometric fit of the formy =ag - x* + ay.

Ann. Geophys., 31, 1779789 2013 www.ann-geophys.net/31/1779/2013/
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—— Observations
Erkaev et al. 2011 |

1sh\ x b wind speed on the nightside. A data gap exists in the MLT
r range 22:00-03:00 MLT, where none of the spacecraft sam-
ple the near-magnetopause magnetosheath. There is a second
data gap in Fig7 from 15:00 to 18:00 MLT. The lack of data
here is puzzling since we tended to find few events in this
region despite looking for them explicitly. At present we are
not certain of the origin of this gap.

A
sheath solarwind

4 Discussion and conclusions

. 1 In this paper, we have described three case studies of draping-
080 e ] related accelerated flows in the magnetosheath. We elabo-
1 3 5 7 9 11 13 15 17 19 21 rated a data analysis approach to identify such events and dis-
tinguish them as far as possible from those due to reconnec-
Fig. 6. The speed ratio predicted by Erkaev et al. (2011) (blue tra(:e)t!on’.Wh.ICh are identified differently t_)_ecaqse_o_f (1) their loca-
against the fit to the observed data (red). A geometric fit of the formtlon inside the magnetopause_an-d (if) a S'gn'f',cam flow C(_)m'
y=ag - x% + ap is used for the latter. All MLTs are included, hence ponent parallel to the magnetic field. We carried out statisti-
the scatter of points. The error bars are estimated to be small, s68l Studies of average properties of these acceleration events
they are not plotted. based on a table of 34 events we identified. This compila-
tion can help future work on an important subject where data
examples have so far been few. Comparison with theory for
It is seen that the trends are very similar although therelMF B, north was good: (i) in predicting higher flow ratios
is a small vertical offset. The offset is expected because théehind the dawn—dusk terminator, (ii) strongest accelerations
theory predicts the maximum observable speed for a giverat low latitudes, and (iii) general agreement of trends in the
position near the equatorial plane, which would be extremelyvelocity ratioVsw/V as a function oM.
difficult to reproduce observationally because of the different We have shown that magnetic field line draping is suf-
positions at which these accelerations are seen. Even so, thieient to explain the observed accelerations in the magne-
overall agreement is reassuring. tosheath that are not related to reconnection. In this regard,
The speed ratios as a function of the magnetic local timesour methodology of (i) identifying the magnetopause and as-
(MLT) of the measurements are plotted in Figy.This fig- sociated boundary layer regions, (ii) ensuring gt~ 90,
ure confirms the theory that these accelerated flows are beand (iii) that the accelerated plasma was outside of the
low the solar wind speed on the dayside, and above the solanagnetopause and not connected to the magnetosphere has
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proved effective in making a distinction between bulk ion ported in the survey of low shear magnetopauses by Phan et

accelerations due to magnetic reconnection and those due &l. (1994) and from an AMPTE/UKS and IRM crossing of

IMF draping. the magnetopause/magnetosheath also under northward IMF
After surveying the Richardson and Cane ICME list from by Farrugia et al. (1998).

2007 to 2009 and looking for other events in 2010 for Geo-

tail, Cluster, and Themis, we have determined that bulk ion .
AcknowledgementsWork at UNH is supported by NASA Grants

Lt of the solar wind foB. north vl i ONNX10AQ29G and NNX13AP39G. N. V. Erkaev is supported by
that of the solar wind 0B north are relatively rare for flows grant No. 12-05-00152-a from the Russian Foundation of Basic Re-

that are unambiguously not related to reconnection. Durggch.

ing most passages of spacecraft through the magnetosheath, Topical Editor C. Owen thanks the two anonymous referees for
however, it is not uncommon for an acceleration due to fieldtheir help in evaluating this paper.

line draping to be observed in the magnetosheath close to

the magnetopause boundary. The likelihood that the accel-

eration will exceed the speed of the solar wind, however, isReferences

small. Here we focused, though not exclusively, on ICMEs orChen’ S. H.Kivelson, M. G., Gosling, J. T., Walker, R. J., and

magnetic CIOUdS_ (MCs) as interplanetary Config_urations be- Lazarus, A. J.: Anomalous aspects of magnetosheath flow and of
cause the associated long duration of northwisan many the shape and oscillations of the magnetopause during an interval

of these transients is a favorable condition for identifying ac-  of strongly northward interplanetary magnetic field, J. Geophys.
celerated flows in the magnetosheath at low latitudes. Res., 98, 5727-5742, 1993.

The three most important parameters in our study of IMFCrooker, N. U., Eastman, T. E., and Stiles, G. S.: Observations of
draping accelerations have been magnetic local time (MLT); plasma depletion in the magnetosheath at the magnetopause, J.
the speed ratioV/ Vsw; andMa. Using the Richardson and ~ Geophys. Res., 84, 869-874, 1979.

Cane ICME list and focusing on the northward phase of thesdungey, J.: Interplanetary magnetic field and the auroral zones,
magnetically dominated structures increases the probability Phys. Rev. Lett., 6, 47-48, 1961.
of observing an increased size of the PDL because of the |Ov§rkaev, N. V.: Results of the investigation of MHD flow around the

Mp generally associated with ICMEs and because the Widt%rgignﬁtoipl::(;rﬁﬁzorgagjn.::r rr?sn.I’BZSI,Bi 23;36: ' }?836 accel-
of the PDL increases with decreasimty, . L g, L. ., L e

. ) . o . erated magnetosheath flows under northward IMF, Geophys Res.
This process of field line draping is also valid for IMF | . 235 [ 01104 dol0.1029/2010GL045992011.

south and/or pointing strongly in thzbm direCti‘?n- HOw-  Erkaev, N. V., Farrugia, C. J., Mezentsev, A. V., Torbert, R. B.,
ever, these examples have not been included in our data set and Biernat H. K.: Accelerated magnetosheath flows caused by

(with the occasional clock angle 50° in Table2) given the IMF draping: Dependence on latitude, Geophys. Res. Lett., 39,
risk of inadvertently including a reconnection-related flow. L01103, d0i10.1029/2011GL050202012.

The analysis presented here is sufficient to differentiate beFarrugia, C. J., Erkaev, N. V,, Biernat, H. K., and Burlaga, L. F.:
tween reconnection and field line draping flows for IMF ~ Anomalous magnetosheath properties during Earth passage of

south as well, since the methodology to identify them is the &N interplanetary magnetic cloud, J. Geophys. Res., 100, 19245—
same. 19257, 1995.

We showed cases where the accelerated flows lasted fd:rarrugla, C.J, B|§rnat, H. K., Erkaev, N. V., Kistler, L. M Le, G".
and Russell, T.: MHD model of magnetosheath flow: compari-

a time _on the order of 1h. Assuming st_egdy (?0I"Id|t|0l’_1$ and son with AMPTE/IRM observations on 24 October, 1985, Ann.
an orbit across the magnetosheath, this implies a thickness Geophys., 16, 518-527, dbd.1007/S00585-998-0518-7998.
of a few R for the regions where accelerations occur. This gogjing, J. T., Asbridge, J. R., Bame, S. J., Feldman, W. C.,

validates the conjecture of Lavraud et al. (2007) that the ac- paschmann, G., Sckopke, N., and Russell, C. T.: Evidence for
celerated region can have a thickness of a f#wnormal quasi-stationary reconnection at the dayside magnetopause, J.
to the magnetopause. These authors inferred this by trian- Geophys. Res., 87, 2147-2158, 46i:1029/JA087iA04p02147
gulation during unsteady conditions. We did this by direct 1982.

observations during steady interplanetary conditions. FurHarris, B.: Observational aspects of IMF Draping around the
ther, we presented a case where Geotail was on an orbit that Magnetosphere, Masters Thesis, University of New Hampshire,
skimmed the magnetopause. This was an event of long dura- Purham. NH, 2011.

tion (1.75 h). The accelerated flows were perpendici20° Layraud, 3' and Borovsky, J. E.: Altere(.j solar wmd-magne_tosphere
. interaction at low Mach numbers: Coronal mass ejections,
to the field, as they should be.

) . . J. Geophys. Res., 113, AO0OB08, ddi:1029/2008JA013192
We have emphasized accelerations leading to speeds faster 5405

than the solar wind. However, our events do include cases of ayraud, B., Borovsky, J. E., Ridley, A. J., Pogue, E. W., Thom-
enhanced flows that lie below the solar wind speed. These sen, M. F, Réme, H., Fazakerley, A. N., and Lucek, E.
typically occur on the dayside, as also predicted by theory. A.: Strong bulk acceleration in the Earth’s magnetosheath: A
Dayside accelerations in connection with PDLs forming at magnetic slingshot effect?, Geophys. Res. Lett., 34, L14102,
the dayside magnetopause for northward IMF have been re- doi:10.1029/2007GL030022007.

Ann. Geophys., 31, 1779789 2013 www.ann-geophys.net/31/1779/2013/


http://dx.doi.org/10.1029/2010GL045998
http://dx.doi.org/10.1029/2011GL050209
http://dx.doi.org/10.1007/s00585-998-0518-7
http://dx.doi.org/10.1029/JA087iA04p02147
http://dx.doi.org/10.1029/2008JA013192
http://dx.doi.org/10.1029/2007GL030024

B. Harris et al.: Observations of draping-related accelerated flows 1789

Lavraud, B., Larroque, E., Budnik, E., Génot, V., Borovsky, J. E., Richardson, I. G. and Cane, H. V.: Near-Earth Interplanetary Coro-
Dunlop, M. W., Foullon, C., Hasegawa, H., Jacquey, C., Nykyri, nal Mass Ejection During Solar cycle 23 (1996-2009): Cat-
K., Ruffenach, A., Taylor, M. G., Dandouras, |., and Réme, H.: alog and Summary of Properties, Solar Phys., 264, 189-237,
Asymmetry of magnetosheath flows and magnetopause shape doi:10.1007/s11207-010-9568-B010.
during low Alfvh Mach number solar wind, J. Geophys. Res.- Rosenqvist, L., Kullen, A., and Buchert, S.: An unusual giant

Space, 118, 1089-1100, dr).1002/jgra.5014%2013. spiral arc in the polar cap region during the northward phase
Lees, L. : Interaction between the solar wind plasma and the geo- of a Coronal Mass Ejection, Ann. Geophys., 25, 507-517,
magnetic cavity, AAIA J., 2, 1576-1582, 1964. doi:10.5194/ange0-25-507-2002007.

Mukai, T., Machida, S., Saito, Y., Hirahara, M., Terasawa, T., Kaya, Shue, J. H., Chao, J. K., Fu, H. C., Khurana, K. K., Russell, C.
N., Obara, T., Ejiri, M., and Nishida, A.: The low energy parti- T., Singer, H. J., and Song, P.: A new functional form to study
cle (LEP) experiment onboard the Geotail satellite, J. Geomag. the solar wind control of the magnetopause size and shape, J.
Geoelectr., 46, 669-692, 1994. Geophys. Res., 102, 9497-9511, 1997.

Paschmann, G., Sckopke, N., Haerendel, G., Papmastorakis, ISonnerup, B. U. O.: The reconnecting Magnetopause, in: Magne-
Bame, S. J., Asbridge, J. R., Gosling, J. T., Hones Jr., E. W., tospheric Physics, edited by: McCormac, B. M., D. Reidel, Nor-
and Tech, E. T.: The ISEE plasma observations near the subsolar well, Mass, 1976.
magnetopause, Space Sci. Rev., 22, 717-737, 1978. Sonnerup, B. U. O., Paschmann, G., Papamastorakis, I., Sckopke,

Paschmann, G., Sonnerup, B. U. O., Papamastorakis, |., Sckopke, N., Haerendel, G., Bame, S., Asbridge, J., Gosling, J., and
N., Haerendel, G., Bame, S. J., Asbridge, J. R., Gosling, J. T., Russell, C. T.: Evidence for Magnetic field reconnection at
Russell, C. T., and Elphic, R. C.: Plasma acceleration at the the Earth’s magnetopause, J. Geophys. Res., 86, 10049-10067,
earth’s magnetopause: Evidence for reconnection, Nature, 282, 1981.

243-246, 1979. Spreiter, J. R., Summers, A. L., and Alksne, A. Y.: Hydromagnetic

Petrinec, S. M., Mukai, T., Nishida, A., Yamamoto, T., Nakamura, flow around the magnetosphere, Planet. Space Sci., 14, 223-250,
T. K., and Kokubun, S.: Geotail observations of Magnetosheath 1996.
flow near the magnetopause, using Wind as a solar wind monitorZwan, B. J. and Wolf, R. A.: Depletion of the solar wind plasma
J. Geophys. Res., 102, 26943-26959, 1979. near a planetary boundary, J. Geophys. Res., 81, 1636-1648,

Phan, T. D., Paschmann, G., Baumjohann, W., Sckopke, N., and 1976.

Ldhr, H.: The magnetosheath region adjacent to the dayside
magnetopause: AMPTE/IRM observations, J. Geophys. Res., 99,
121-141, 1994.

www.ann-geophys.net/31/1779/2013/ Ann. Geophys., 31, 177839 2013


http://dx.doi.org/10.1002/jgra.50145
http://dx.doi.org/10.1007/s11207-010-9568-6
http://dx.doi.org/10.5194/angeo-25-507-2007

