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Abstract. When the interplanetary magnetic field (IMF) en- 1 Introduction
counters the Earth’s magnetosphere, it is compressed and

distorted. This distortion is known as draping, and playsThe solar wind carries the interplanetary magnetic field
an important role in the interaction between the IMF and (IMF) towards the Earth. As the solar wind flow is deflected
the geomagnetic field. This paper considers a particular asaround the Earth’s magnetic field, its orientation changes,
pect of draping, namely how the orientation of the IMF in a as the field is frozen into the solar wind plasma. This phe-
plane perpendicular to the Sun-Earth line (the clock angle)homenon is known as draping.

is altered by draping in the magnetosheath close to the day- Tne relative orientations of the magnetic fields in the mag-
side magnetopause. The clock angle of the magnetosheaftosheath and the magnetosphere may be crucially impor-
field is commonly estimated from the interplanetary mag-tant in determining the location and rate of magnetic recon-
netic field (IMF) measured by upstream monitoring space-pection, the most important process by which the solar wind
craft either by assuming that the draping process does NAtouples to the Earth system (Dungey, 1961). In the Son-
significantly glter the clock gngle (“perfect drapin'g") or that nerup (1974) model, the reconnection rate depends on the
the change in clock angle is reasonably approximated by gnagnetic shear. In the antiparallel reconnection hypothesis,
gas dynamic model. In this paper, the magnetosheath clocleconnection at the dayside magnetopause occurs where the
angles measured during 36 crossings of the magnetopausg ey angle is close to 18(Crooker, 1979).

by the Geotail and Interball-Tail spacecraft are compared to

. Models of draping include the gasdynamic model of Spre-

g;zfltjpéS:?aT IQ/II)ZS'I[O;(;(;Z?ldezggsfnlgegxz{bti?zgvrflggtil?:;e&er et al. (1966), the analytic magnetosheath model of Kobel
. y 0 - . . . .

ing within +10°, and 70% are within 30 The differences and Flckiger (1994), and simplest of all the perfect draping

between the IME and tosheath clock | N .approximation. Luhmann et al. (1984) used a gas-dynamic
etween the and magnetosheatn clock angles are not, IHraping approximation to model the antiparallel locations on
general, well-ordered in any systematic fashion which could

- . . h f f IMF ori i . The K I
be accounted for by hydrodynamic draping. The draping be-t € magnetopause forarange o orientations. The Kobe

: : S and FLlickiger model has been used by Cooling et al. (2001)
haviour is asymmetric with respect to the y-component of

) A .. ~'in calculating the motion of reconnected flux tubes along the
the IMF, and the form of the draping distribution function is 9 g

) X agnetopause. A perfect draping approximation was used
dependent on solar wind pressure. While the average cIocE]y gCoIerr?an et al. F()ZOOO 200%) ?’;mdppl)?odger et al. (2000)
angle observed in the magnetosheath does reflect the orie@— '

; o . o0 model the location of antiparallel regions on the dayside
tation of the IMF to within~30° or less, the assumption that P 9 y

) S : X agnetopause and their ionospheric footprints. All of these
the magnetosheath field direction at any particular region otm g P P b

the magnetopause at any instant is approximately similar tcEJIraping models give rise to qualitatively similar antiparal-
NS o . el regions: For purely southward IMF, a single antiparal-
the IMF direction is not justified. This study shows that re- 9 purety g b

. . . ; lel region extends along the equator and across much of the
connection models which assume laminar draping are un-

likelv tely reflect the distributi ¢ Y dayside, if a y-component is added to the IMF it results in
IKely 1o accuralely refiect the distribution of reconnection antiparallel regions which move to higher latitudes as
sites across the dayside magnetopause.

the clock angle increases, and northward IMF gives rise to

Keywords. Magnetospheric ~ physics ~ (Magnetopause, small antiparqllel regions at the northern and southern lobes.
cusp and boundary layers; Magnetosheath; Solar wingJhe quantitative dlffer_ences bgtween the models are smallest
magnetosphere interactions) near the subsolar point, and increase smoothly towards the
flank regions, but all models agree on the general shape and
approximate location of antiparallel reconnection sites.
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observations approximately 3): downtail of the Earth with  ability of the magnetopause location, the position data of
gasdynamic model predictions, and Dunlop et al. (1999),the magnetopause crossing spacecraft is scaled to fit a stan-
who studied the properties of the low-latitude dawnsidedard reference magnetopause. This allows data from differ-
flanks of the magnetopause in detail with the Equator-Sent crossings, with different magnetopause locations, to be
spacecraft. The former paper finds that the field orienta-more meaningfully compared. Each of these three steps is
tion in the y-z plane is consistent with the magnetohydro-described in more detail below.

dynamic (MHD) model for southward IMF, and with both

the gas dynamic and MHD models for northward IMF, ex- 5 ¢ Crossing identification

cept in the immediate vicinity of the magnetopause bound-

ary, where turbulent structures are observed. This turbulenc
near the magnetopause was also reported in earlier analys

f th dat t (K t al.,, 1992 and 1995). Th : : o
of the same data set (Kaymaz et a an ) is expected (typically a 24h interval). The criteria are

paper by Dunlop et al. (1999) is primarily concerned Wlthhté}at the GIT spacecraft orbit must intersect the CDAWeb

the shape of the magnetopause boundary, but does note t
the ma;netosheath %eld apppears to be h)i/ghly draped. TWOr_nodeI magnetopauséit{p://cdaweb.gsfc.nasa.gov/cdaweb/

spacecraft observations, relating the magnetosheath field t@oreabout.htrr)l during the interval, that this intersection

the upstream solar wind, have been done for a small numbe'PUSt be closer to the middle of the interval than to the start or

of case studies: Zhang et al. (1996) presented three case stuitE—e end, and that the Wind spacecraft must be situated such

ies of combined ISEE-3 and ISEE-2 observations, finding at its distance from the line between the Sun and the GIT

that upstream measurements allowed a reasonably accura?@‘r"cecr""ft is small compared to the distance between Wind

estimate of magnetosheath parameters except in the imme(ﬁ‘-nd the GIT spacecraft. In cases where the second criterion

L . . IS not satisfied, the start and end times of the interval are
ate vicinity of the magnetopause, while Petrinec et al. (1997) " . T . . )
vieinty 9 pause, wh : ( ) ifted by 6-12 h in order to bring the crossing time closer to

studied six Geotail passes through the magnetosheath regic% ntre of the interval. This | ; tion to ensure that
downstream of Earth, in conjunction with the corresponding € centre of the interval. S IS a precaution 1o ensure tha

solar wind data from the Wind spacecraft, in order to test a the init'ial dgta 'set contgins all da“'?‘ relevant to .the crossing.
MHD model of the magnetosheath velocity field. nThe third (_:rlterlo_n, _relatmg to the distance of Wmd from the_
In this paper, magnetic field orientations measured dur-Sun'GlT line, e_I|m|r_1ates those spacecraft conflguratlons n
ing 36 crossing']s of the magnetopause, by the Geotail 0whlch sub;tanual dn‘fergnces betwe(_en _the solar wind phase
' Front experienced by Wind and that incident on the magne-

Interball-Tail (GIT) spacecraft, are compared to the relevanttopause would be most likely. The goal at this stage is simply

upstream IMF orientations measured by the Wind spacecraft;” " : . L ; . o
o . . . B o identify data intervals within which a suitable crossing is
The aim is to investigate how well, or otherwise, a “perfect . . : .
Alkely to be found. Assessing the data quality and choosing

draping” model fits the data, to establish the magnitude an . . e :
) .~ . anappropriate section of the data for quantitative analysis are
character of the angular differences between magnetic fiel .
eft until a later stage.

orientations in the IMF and in the magnetosheath, and to in- o o ]
vestigate how these depend on solar wind conditions and on FOr this interval, the magnetic field clock angle at Wind

the magnetopause region where the crossing takes place. a}nd the GIT spacecraft are calculated from the magnetic
field components of each spacecraft. The clock angle is de-

fined as arctafB,/B;), where the magnetic field vector is
2 Time series analysis (Bx, By, B;) in Cartesian GSM coordinates. The transition
parameter for the magnetopause crossing is also calculated,

The core of this study is the comparison of two time series:in the manner set out by Hapgood and Bryant (1992). This
the magnetic field orientation measured in the solar wind bytransition parameter is derived by fitting a cubic curve to the
Wind, and that measured in the magnetosheath close to th@mperature (T) and number density (N) data, withédgas
magnetopause by GIT. The magnetic field data used in thighe independent variable and legd as the dependent vari-
paper come from the MFI instrument on Wind (Lepping et able. The transition parameter for each data point is then
al., 1995), the MGF instrument on Geotail (Kokubun et al., the distance along this curve between an arbitrary origin and
1994), and the MFI instrument on Interball-Tail (Klimov et the data point in question, normalised such that the param-
al., 1997). Plasma data come from the SWE instrument orgter varies from 0 in the magnetosheath to 100 in the mag-
Wind (Ogilvie et al., 1995), the CPI instrument on Geotail Netosphere. The physical basis of the transition parameter
(Frank et al., 1994) and the ELE instrument on Interball-Tail is that density and temperature are anticorrelated during a
(Sauvaud et al., 1995). Time resolutions are 1 min. boundary-layer crossing, and Hapgood and Bryant show that

There are two basic steps in analysing any particular magit is effective in distinguishing magnetosheath from magne-
netopause crossing: identifying the time of the crossing, andosphere data.
calculating the time delay between the crossing measure- For Geotall, the transition parameter is calculated from the
ments and the corresponding upstream solar wind data. Aon temperature and density; for Interball, from the electron
third step becomes necessary when dealing with several intemperature and density. A short study was done, compar-
dependent crossings. In order to take into account the variing ion data with electron data for intervals where both were

j@e first stage is to determine from orbit plots and a
énodel magnetopause a suitable interval where a crossing


http://cdaweb.gsfc.nasa.gov/cdaweb/moreabout.html
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I. J. Coleman: A multi-spacecraft survey of magnetosheath draping 887

it Timeshifted WIND clock angle

o 180

o 90

o 0 . “‘“ \‘\

o N P N

<% —-90 —— N VN“\,\f“/”"*""*/\\/J\'M’*N”V"\w Nais \//\/ \\\‘\'/“““V‘A‘“\/‘/\ N4 »—vaM’ W/ N\ - A

~ —180 |

E 19 20 21 22 23 0 1 2 3 4
O

UT (hours)

Geotall clock angle

180

—-180

21 22 23 0 1 2 3
UT (hours)

Clock Angle (degrees)
|
© ©
S o o
N MMM

9 20
< Transition Parameter
€ 100E 3
o 80 —
= 20 S =
2 OE IS =
E 19 20 21 22 23 0 1 2 3 4
UT (hours)

§ Geotail and Wind clock angles

> 180

L

o 0

o

£ -90

~ —180

E 19 20 21 22 23 0 1 2 3 4

O

UT (hours)

Fig. 1. An example of the magnetopause crossings used in this paper. The upper two panels show the magnetic field clock angles measure
by the Wind and Geotail spacecraft; the Wind data have been timeshifted as described th2Sédtte third panel shows the transition
parameter derived from the Geotail data (see Setf.and the estimated time of the magnetopause crossing. In the bottom panel, the clock
angle data from both spacecraft are overlaid, and the magnetopause crossing time indicated. This data set is from day 118, 1999.

available, showing that ion data gave similar transition pa-no clear crossing can be identified, the interval is discarded:
rameter results to electron data for Geotail. this occurred for eight events. In the case of multiple magne-

Typically, the signature of a magnetopause crossing is dopause crossings, the only data used is from outside the first
large discontinuity in the transition parameter, coincidentinbound or last outbound crossing. In general, the disconti-
with a change in the behaviour of the clock angle measureduity in the behaviour of the spacecraft clock angle around
by the magnetopause-crossing spacecraft. Within the maghe time where the transition parameter indicated a cross-
netopause, the clock angle varies slowly and is uncorrelateéhg was very marked, and allowed the boundary to be set
with the upstream IMF direction, whereas in the magne-by visual inspection. By comparing the Wind and GIT clock
tosheath the clock angle is highly variable and often exhibitsangle data, and by inspecting the transition parameter time
gross features (e.g. steps) which can be matched up with sinseries and the GIT orbit data, a time is then chosen when
ilar features in the IMF data. A typical magnetopause crossthe GIT spacecraft is unambiguously deep into the magne-
ing is illustrated in the top three bands of Figwhich shows  tosheath. The precise time chosen is somewhat arbitrary: this
the variation of the clock angle at Wind, and of the clock an- procedure is used simply to cut the size of the data files to be
gle and transition parameter at the GIT spacecraft, respegerocessed. A reduced data interval is then formed, bounded
tively, for one of the intervals used in this study. Where a by these two times: data which lies outside this interval is
crossing can be clearly identified in the transition parametediscarded. Typically, the reduced data intervals are several
and in the comparison between Wind and spacecraft clockours in extent. The reduced intervals used in this paper are
angle, the magnetopause boundary is set at that point. Wher@etailed in Tableq and2.
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Table 1. Magnetopause-crossing intervals from the Interball-Tail Table 2. Magnetopause-crossing intervals from the Geotail space-

spacecratft. craft.
Interball-Tail Geotail
year startday starttime endday endtime year startday starttime endday endtime
(um um (uT) (um
1998 110 02:47 110 06:05 1998 110 05:33 110 07:09
1998 117 01:01 117 04:35 1998 115 08:20 115 10:19
1998 120 22:15 120 23:17 1998 120 11.07 120 13:40
1998 128 11:07 128 14:59 1999 124 04:10 124 09:56
1998 129 02:47 129 06:31 1999 134 12:30 134 16:47
1998 151 02:47 151 06:55 1998 136 01:23 136 05:32
1998 151 22:15 152 05:11 1998 145 05:34 145 08:52
1998 155 01:25 155 04:59 1998 146 13:54 146 16:12
1998 234 16:41 234 20:15 1998 150 11:06 150 15:48
1998 235 14:27 235 18:53 1998 151 22:14 152 11:00
1998 241 22:15 242 05:59 1998 234 01:23 234 03:36
1998 245 22:15 246 02:31 1998 244 02:47 244 12:29
1998 249 13:55 249 23:35 1998 249 08:20 249 15:49
1998 254 15:17 254 21:13 1998 260 23:37 261 06:58
1998 261 03:47 261 11:33 1998 327 11:08 327 17:13
1999 136 01:25 136 09:17 1998 363 16:40 363 23:53
1999 143 13:55 144 01:15 1999 113 16:40 114 01:42
1999 118 19:27 119 02:50
1999 301 09:44 301 14:25

2.2 Time delay

In order to relate the magnetopause observations made by&a3 Scaling to standard model
GIT spacecraft to the upstream observations made by Wind,
it is necessary to estimate the time delay between the space-

craft: that is, the time interval between a phase front encoun!n Order to build up an aggregate picture of draping, all the

tering Wind, and the same phase front subsequently encourf?! T spacecrait boqndary crossing position data are Sca'e‘?'
tering the GIT spacecraft. In this study, the time delay is such that the crossing fits a standard magnetopause. In this

calculated for each data point in the following manner. paper, the magnetopause used is the Tsyganenko 96 (T96) el-
. - . . . . lipsoidal magnetopause, which scales in a self-similar fash-
First, an initial estimate of time delay is calculated by di-

viding the distance between Wind and GIT at each time-ste lon according to the solar wind pressure (Tsyganenko, 1995)

in the GIT data by the mean value of the x-component of theﬁi:Or the reference magnetopause,.a pressure O.f .2'0 nPa is
used, close to the long-term solar wind average, giving a sub-

solar wind velocity during the interval. For each GIT time- lar maanet distan f 11508
step, the time delay is subtracted from the GIT time, and the>0'al Maghetopause distance o
Wind data point closest to that time is determined. Then an The model position of the T96 magnetopause is set by the
array is constructed of time-shifted Wind data points corre-solar wind pressure. However, this position does not always
sponding to the unshifted GIT data points. correspond to the true magnetopause location (Ober et al.,
Significant changes in the solar wind velocity, such as 0c-2000; Pinnock et al., 2002). Accordingly, the measured so-
cur at the bow shock, would introduce a systematic offset intgf@r wind pressure is not used in this paper to set the model
this initial estimate. In order to take account of this offset, boundary. Rather, this boundary is found by iteratively ad-
two further steps are taken. First, the cross-correlation funciusting the pressure parameter in the T96 model until the
tion (CCF) of the GIT clock angle and the time-shifted Wind Model magnetopause includes the spacecraft position at the
clock angle are calculated over the entire interval. The Windtime of boundary crossing.
data are then further shifted by the lag which maximises the Once the model magnetopause has been fitted to the ob-
CCF. served boundary crossing, the dimensionless ellipsoidal co-
Finally, the Wind and spacecraft clock angles are overlaidordinates of the GIT spacecraft trajectory are calculated in
on a plot (bottom panel, Fidl, and visually inspected. If the pressure-adjusted model, using the formulae in Tsyga-
necessary, an additional time-shift was introduced in order t;menko (1995). From these, the cartesian coordinates of the
improve the match between the clock angles when the spacespacecraft trajectory in the unadjusted, reference model are
craftis well out in the sheath. This was done in about a quar-calculated. These are the scaled coordinates, which are used
ter of cases, typically by less than 5 min. in the analysis in Sect8.and4.
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Fig. 2. Clock angles measured near magnetopause, and angular differences from perfect draping, for unsmoothed data. The mean positiol
of the data points (in GSM coordinates) within eack2bin is shown as a filled circle, and the mean clock angle is indicated by a line. The
standard deviation of the clock angles within each bin is indicated by an arc of total angular extent equal to twice the standard deviation. The
colour coding indicates the difference between the mean clock angle measured near the magnetopause, and that observed in the correspondi
upstream IMF data: green for a difference of less th&h Blue for a difference between 3@nd 90, and red where the difference is greater

than 90. The histograms show the distribution of angular differences over the entire magnetopause (“All"), and the subsolar, flank, and high
latitude regions. The extent of these regions is shown on the magnetopause plot.

3 Data integration matical properties of angles. For example, the mean of 179
and—179is zero, but a time series which fluctuates between

Once the scaling to a standard magnetopause has been prl% and—179 ought to be smoothed out to 180r, equiv-
formed, data files for each crossing interval are created@€ntly, —180°. The smoothing algorithm used here accom-
These comprise the scaled GIT magnetosheath-crossing dab4shes this by computing the mean and standard deviation
(namely spacecraft position, magnetic field clock angle and®f the relevant angles twice: once for the angles in the range
magnetic field cone angle for each time step) and the correl—180, 18], and once for the same angles in the range [0
sponding, time-shifted Wind data (namely the magnetic field360’]- The standard deviations in these two cases are com-
clock angle and cone angle for each time step). GSM coordiPared. Whichever case gives the lower standard deviation is
nates are used throughout, with the Wind data converted intd1€ case whose mean is used in the analysis.

the GSM frame appropriate for the corresponding GIT dat
points.

For the main analysis, the data files for each GIT mag-The data are spatially binned and averaged to produce plots
netopause crossing are concatenated into one combined dajfath a standard format, like that of Fi@. The left-hand
file. Also, all files where solar wind pressuresig nPa are  panel shows the dayside magnetosheath projected in the y-z
concatenated into a high-pressure file, and where pressuiglane, and is divided into grid squares of sidg2 For all
<2nPainto a low-pressure file. data points lying within a given grid square, the mean an-

This entire procedure is then repeated, with the additionagle and position are calculated and plotted: the position is
step of smoothing the magnetic field data. The magnetic fieldnarked by a filled circle, and the angle is indicated by a line.
clock angle and cone angle time series, for both the WindNote that the mean position is not, in general, the centre of
spacecraft and the GIT magnetopause-crossing spacecraffie grid square. The standard deviation is shown as an arc
are smoothed with a boxcar filter. This is done for a filter segment: the arc subtends an angle of twice the standard de-
width of five minutes (the analysis was also performed us-viation, centered on the mean angle. The angular difference
ing a ten-minute filter, with essentially identical results). A from perfect draping is shown by the colour coding: green
standard boxcar filter would simply calculate the mean offor a small difference£30°), blue for a moderate difference
the data points contained within the filter width. This is not (>30° and<90°), and red for a large difference-90°).
appropriate when smoothing angles, because of the mathe-

a3.1 Sorting, binning and presentation
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Table 3. Distribution of absolute angular differences between the clock angle of the magnetosheath field measuredRyitbfntie
magnetopause and the time-shifted IMF clock angle. The subsolar region is defingebyR g and|z| <5 Rg, the high-latitude regions,

defined by|z|>5 R, and the equatorial flanks, defined by>5 Rr and|z|<5 Rg. N is the total number of points in the magnetopause-
crossing data. The mean and standard deviation of the angular difference are shown in the columns “mean” and “s.d.”, and the last six
columns show the percentage of data points in each of six ranges of angular difference.

Region N  mean s.d. 0-10 10200 20-30 30-60 60-9C 90-18C

All 1221 293 4836 27.19 23.67 15.40 18.84 6.55 8.35
Subsolar 366 1.12 3258 45.90 30.33 9.56 7.65 3.28 3.28
Flanks 344 -0.81 60.07 16.86 26.74 18.02 18.90 6.98 12.50
HighLat 511 6.75 48.81 20.74 16.83 17.81 26.81 8.61 9.20

Table 4. Distribution of angular differences, for data subject to 5-min boxcar smoothing. Format as irBTable

Region N  mean s.d. 0-10 10200 20-30 30-60 60-9C 90-18C

All 1222 3.92 4446 3044 23.24 16.37 17.35 5.81 6.79
Subsolar 363 3,57 2593 50.96 31.40 9.64 3.58 1.93 2.48
Flanks 342 -0.32 5544 19.30 23.10 20.76 20.47 6.73 9.65
High Lat 517 6.96 46.40 23.40 17.60 18.18 24.95 7.93 7.93

Table 5. Distribution of angular differences in the Northward IMF case (IMF clock angle betwdé&f and 15). Format as in Tabl8.

Region N mean s.d. 0-10 10200 20-30 30-60 60-9C 90-18C

All 147 —7.89 6511 12.24 15.65 26.53 12.93 14.29 18.37
Subsolar 16 21.74 43.64 31.25 18.75 18.75 12.50 12.50 6.25
Flanks 79 -18.47 61.59 7.59 24.05 43.04 3.80 1.27 20.25

High Lat 52 -0.93 72.64 13.46 1.92 3.85 26.92 34.62 19.23

Table 6. Distribution of angular differences in the Southward IMF case (IMF clock angle betw&6B° and 165). Format as in Tabl&.

Region N  mean s.d. 0-10 10-20 20-30 30-60 60-90 90-18C

All 221 6.46 3276 2941 23.08 16.74 24.43 4.52 181
Subsolar 4 40.10 34.82 0.00 25.00 0.00 50.00 25.00 0.00
Flanks 95 13.78 30.84 38.95 21.05 13.68 17.89 5.26 3.16
HighLat 122 —-0.34 3249 2295 24.59 19.67 28.69 3.28 0.82

Table 7. Distribution of angular differences in th, positive case (IMF clock angle betweerf4ind 138). Format as in Tabl8.

Region N  mean s.d. 0-10 1020 20-30¢ 30-60 60-9C¢ 90-180

All 769 2.10 38.27 3212 24.97 16.25 18.08 4.16 4.42
Subsolar 312 298 2397 5224 32.37 8.97 3.21 0.96 2.24
Flanks 163 —-7.44 5357 11.04 22.70 21.47 28.22 8.59 7.98
High Lat 294 6.44 39.66 22.45 18.37 21.09 28.23 5.10 4.76

Another view of the data is given in histogram form in the for the data spatially sorted into three magnetopause regions:
right-hand panels. Here, the data are sorted by the clock ariFhe subsolar region, defined byl <5 Rg and|z|<5 Rg, the
gle deviation — that is, the difference between the clock an-high-latitude regions, defined Hy|>5 Rg, and the equato-
gle measured by the magnetopause-crossing spacecraft andl flanks, defined byy|>5 Rg and|z| <5 RE.
that measured upstream by the Wind spacecraft — and binned
into ten-degree intervals. In addition to the histogram for
the whole magnetopause, three other histograms are shown
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Fig. 3. Clock angles measured near magnetopause, and angular differences from perfect draping, for smoothed data (five-minute boxcar

filter). Format as Fig2.
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Fig. 4. Clock angles measured near magnetopause, and angular differences from perfect draping, for Northward IMF. Forrat as Fig.

4 Results been smoothed with a five-minute boxcar filter (F3gand

Table4), as described above.

The first set of results are for data which has been filtered For the unsmoothed data, 27% are withir? 10 perfect
only for distance from the magnetopause: All data points indraping, 51% are within 20 66% are within 30, 85%
the magnetosheath whose scaled position is less tlign 2 within 60° and 92% are within 90 When the data are
from the reference model magnetopause are retained, and amoothed, 30% of the data points are withirf 1 per-
other data points are discarded. The analysis is performed fdiect draping, 54% are within 2070% are within 30, 87%
unsmoothed data (Fig.and Table3), and for data which has  within 60° and 93% are within 90 Smoothing appears to
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Fig. 5. Clock angles measured near magnetopause, and angular differences from perfect draping, for Southward IMF. Forma2.as Figure

Clock Angles Near Magnetopause All Subsolar
7\ ‘ L L ‘ L \A\ T ‘ \A\ T T T T T ‘ L L \7 "50 T T T "OO T T T
20F High Latitude . § §
[ 13 5 8o0f 1
H i 5 100f 15
[ [ 2 1 8 8 601 9
- 4 o o
[ L 1 % S 40F ]
10 ® - o 50r 1 o
F ] 8 38 L 1
i S e
> >
c- -~ -~ -~ -~ -~ -~ - o T T 1 = 0 b . i =z 0 cm . -
[ Flank I Subsolar | Flank ]
> o | | u -180 -90 0 90 180 -180 -90 0 90 180
x ok % & 2 | - Angular difference in degrees Angular difference in degrees
L | | . ]
N [ ] . .
i ‘% | ¢ 1 Flanks High Latitude
,,,,,,,,,,,,,,,, - - - - -] o 30 " o 50 " " "
F i 9 S
r Sl 1 % 25¢F 1% 40r 1
—10F LA » J 5 20t 105
L g ] S S 30¢F E
L ] o 15f ] ©°
i 1 = 5 20f ]
r 7 . 10r 1
r 7 [} [}
. B 0 e} wo, E
ool High Latitude J1 E 5% 1 €
20 S S
Lol b i b Z 0 Oth . e = o0b.[d . Lo
-20 —10 0 10 20 -180 -90 0 90 180 -180 =90 0 90 180
Y (Re) Angular difference in degrees Angular difference in degrees

Fig. 6. Clock angles measured near magnetopause, and angular differences from perfect draping, for IBjFpasitive. Format as Fi@.

improve the fit to perfect draping by a few percent. However, least variability can be seen in the subsolar region. Note in
a Kolmogorov-Smirnov test shows that there is no signifi- particular that, in the subsolar region, more than 50% of data
cant difference at the 95% level between the smoothed angoints are within 10 of perfect draping (for the smoothed
the unsmoothed data sets. The smoothed data sets are usgata set). This fraction drops to 23.4% in the high latitude
throughout the remainder of this paper. regions, and 19.3% in the flanks.

There are clear differences between the magnetopause re-
gions. The equatorial flanks have the smallest mean differ-
ence from perfect draping, but the largest standard deviation,
while the largest mean difference is at high latitudes, and the
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Y (Re)

4.1 Northward IMF

Figure 4 and Table5 show the results for draping near the

Angular difference in degrees

Angular dm‘feremce in degrees

With smoothing as above, the standard deviation of the an-
gular difference is lowest at the subsolar point (43)6digh-
est at high latitudes (72.8% and intermediate on the flanks
(61.59). The strikingly high variability at high latitudes may

magnetopause when the IMF is northward. In "?‘dd'“O” to _f||- be due to enhanced flow irregularities in the cusp entry layer
tering for distance from the magnetopause (as in the prewouea_h,:lerendel etal., 1978)

case), the data are also filtered so that only data points corre- v
sponding to a clock angle measured by the Wind spacecraft

less than 15and greater than-15° are retained.
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Table 8. Distribution of angular differences in thg, negative case (IMF clock angle betwee35> and—45°). Format as in Tabl8.

Region N  mean s.d. 0-10 10200 20-30 30-60 60-9C 90-18C

All 1529 292 32.83 4585 23.94 10.92 10.86 5.10 3.34

Subsolar 295 13.05 37.89 49.49 18.64 9.15 7.80 9.15 5.76
Flanks 903 —4.30 21.36 49.50 28.46 11.18 7.20 3.10 0.55

HighLat 331 13.60 46.02 32.63 16.31 11.78 23.56 6.95 8.76

Table 9. Distribution of angular differences, filtered for IMF cone angle betweénadfel 135. Format as in Tabl8.

Region N  mean s.d. 0-%0 10200 20-30 30-60 60-9C 90-180

All 965 —-0.25 36.09 35.44 26.01 16.79 14.82 3.21 3.73
Subsolar 340 284 1821 54.12 32.65 9.41 2.35 0.59 0.88
Flanks 288 —-5.66 4891 22.22 25.69 22.22 18.06 4.17 7.64
High Lat 337 1.26 36.36 27.89 19.58 19.58 24.63 5.04 3.26

Table 10. Distribution of angular differences in the high pressure case (solar wind dynamic pres®afea). Format as in Tabg&

Region N  mean s.d. 0-%0 10200 2030 30-60 60-9C 90-180

All 641 -0.53 5086 28.71 26.05 14.51 13.88 7.64 9.20
Subsolar 162 575 34.61 43.83 35.80 7.41 3.70 4.32 4.94
Flanks 342 -0.32 5544 19.30 23.10 20.76 20.47 6.73 9.65

HighLat 137 —-8.49 5418 3431 21.90 7.30 9.49 13.87 13.14

Table 11. Distribution of angular differences in the low pressure case (solar wind dynamic preszdnRa). Format as in Tabg

Region N mean s.d. 0-20 1020 20-30 30-60 60-90C 90-180
All 581 883 3551 32.36 20.14 18.42 21.17 3.79 4.13
Subsolar 201 1.81 15.68 56.72 27.86 11.44 3.48 0.00 0.50
Flanks 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HighLat 380 1253 4195 1947 16.05 22.11 30.53 5.79 6.05
4.2 Southward IMF and through the subsolar point may increase disturbances in

these regions of the magnetosheath. Reconnection scenarios
As in the previous case, the data set here is limited to thosg which the x-line is moved away from the equatorial flanks
points within 2R of the model magnetopause surface. Thedue to the IMFB, component or the effect of the Earth’s
data is further filtered so as to only include data points whichdipole tilt may go some way towards explaining this obser-

correspond to a clock angle measured by the Wind spacecraffation. It is difficult to draw firm conclusions about the sub-
of greater than 16%or less than-165°. Figure5and Tablés  solar region, due to the small number of data points.

show the results.

Here, there are very few (only 4) data points from the A Kolmogorov-Smirnov test shows that the difference be-
subsolar region. The standard deviation in this region istween the northward IMF and southward IMF data sets is
34.82. The flanks have a similar standard deviation to thatsignificant, at the 95% level. Even without such a test, it is
in the high latitude areas, despite having a greater percenglear from the magnetopause plots that the magnetic field di-
age of points within 10 of perfect draping. This is because rection is broadly northward over most of the magnetopause
the flanks also have a larger number of angular differencesvhen the IMF is northward, and broadly southward when
greater than 60 Compared to the northward case, all re- the IMF is southward. This is consistent with the well-
gions show substantially lower standard deviations, and theestablished role played by the z-component of the IMF in
magnitude of the mean difference is less in all regions ex-driving the magnetosphere-ionosphere system (Cowley and
cept the subsolar. It might be expected that the flank regiondockwood (1992) and references therein), as a southward
would show greater differences in the southward case, agnorthward) IMF yields a broadly southward (northward)
an equatorial reconnection region stretching along the flanksnagnetosheath field which gives rise to a greater (lesser)
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Fig. 9. Clock angles measured near magnetopause, and angular differences from perfect draping, for high solar wind dynamic pressure.
Format as Fig2.
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Fig. 10. Clock angles measured near magnetopause, and angular differences from perfect draping, for low solar wind dynamic pressure.
Format as Fig2.

reconnection rate. Thus, the mechanism which gives rise t@.3 B, filtering

the correlation between IMF clock angle and reconnection

rates measured in the ionosphere is confirmed by this studyryples7 and8, and Figs6 and7, show the results of filter-
However, the large proportion of substantial differences l‘roming the data to pick ouB,-dominated IMF orientations. For
perfect draping indicate that this global relationship betweeny, o positiveB, case, the data were restricted to cases where
the IMF and the magnetic field which drives the magneto-ha clock angle was between %48nd 135: For negative
sphere does not necessarily translate to a local COITeSPOrg  \vhere the clock angle was betweer35° and —45°.
dence in time and space between the IMF direction and thaf,ere are significant differences between the two cases. At
of the magnetosheath field. the flanks and at high latitudes, the distributions of angular
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Fig. 11. Clock angles measured near magnetopause, and angular differences from perfect draping, for high solar wind dynamic pressure anc
Southward IMF. Format as Fig.
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Fig. 12. Clock angles measured near magnetopause, and angular differences from perfect draping, for low solar wind dynamic pressure and
Southward IMF. Format as Fig.

differences are much broader in the positBecase. Atthe cal divergences from perfect draping. What is different in
flanks, this is coupled with a higher standard deviation: Thisthis case is that the clock angles at high latitudes appear to
is not the case at high latitudes, because the distribution ifollow a systematic pattern in many cases. For example, in
this region in the negativB, case has a high-end tail at large the vicinity of Y=—10Rg, Z=—10Rg, in both the posi-
positive angular differences. tive and negatives, cases, the magnetic field directions are

As in the case of northward and southward IMF, there is"0Ugnly aligned along an arc. This suggests an ordered drap-

a broad similarity between the IMF direction and the clock "9 &ffect, in which the magnetic field lines are distorted so
angles shown in the magnetopause plots, but substantial IS 1© approximately follow the shape of the magnetopause
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boundary. This effect disappears at lower latitudes, and is abing. Figure8 and Table9d show the results of repeating the
sent for other IMF orientations, and so a systematic drapinganalysis of sectiod for all IMF clock angles, but with the

effect seems to be the exception, rather than the rule.

4.4 Cone angle filtering

The previous analysis has not considered what influence th@ngle filtering,

cone angle of the IMF might have on the magnetic field drap-

restriction that the cone angle is in the rangé 45 135

(i.e. within 45 of being exactly perpendicular to the x-axis).
This cone angle filtering makes the draping closer to perfect,
in that the standard deviation is less than it is without cone

and the magnitude of the mean angular dif-

ference is smaller in all regions except the equatorial flanks.
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Table 12. Distribution of angular differences in the high pressure case (solar wind dynamic pregsuifa) for Southward IMF (IMF clock
angle betweenr-165° and 165). Format as in Tabl8.

Region N  mean s.d. 0-%0 10200 2030 30-60 60-9C 90-180

All 133 9.51 3531 33.83 20.30 12.03 25.56 5.26 3.01
Subsolar 4 40.10 34.82 0.00 25.00 0.00 50.00 25.00 0.00
Flanks 95 13.78 30.84 38.95 21.05 13.68 17.89 5.26 3.16
HighLat 34 —-6.01 4190 23.53 17.65 8.82 44.12 2,94 2.94

Table 13. Distribution of angular differences in the low pressure case (solar wind dynamic pressoRa) for Southward IMF (IMF clock
angle betweer-165° and 165). Format as in Tabl8

Region N mean s.d. 0-10 1020 20-30¢ 30-60 60-9C¢ 90-180

All 88 1.85 28.02 22.73 27.27 23.86 22.73 3.41 0.00
Subsolar 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flanks 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
HighLat 88 1.85 28.02 22.73 27.27 23.86 22.73 341 0.00

Table 14. Distribution of angular differences in the high pressure case (solar wind dynamic pregsuira) for Northward IMF (IMF clock
angle between-15° and 15). Format as in Tabl8.

Region N mean s.d. 0-10 10200 20-30 30-60 60-9C 90-18C
All 113 -5.64 66.76 9.73 18.58 30.97 7.08 13.27 20.35
Subsolar 12 29.09 46.73 41.67 8.33 8.33 16.67 16.67 8.33

Flanks 79 -—-18.47 61.59 7.59 24.05 43.04 3.80 1.27 20.25
High Lat 22 21.52 80.32 0.00 4.55 0.00 13.64 54.55 27.27

Table 15. Distribution of angular differences in the low pressure case (solar wind dynamic pressnRa) for Northward IMF (IMF clock
angle between-15° and 1%). Format as in Tabl8.

Region N mean s.d. 0-20 10200 2030 30-60 60-90 90-180

All 34 —-15.38 59.65 20.59 5.88 11.76 32.35 17.65 11.76
Subsolar 4 -0.33 2554 0.00 50.00 50.00 0.00 0.00 0.00
Flanks 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

HighLat 30 -17.38 62.82 23.33 0.00 6.67 36.67 20.00 13.33

These differences are significant at the 95% level, and mayhese data subsets. The results are shown in Figs. 9 to 14,
reflect a physical dependency of the draping process on thand TableslOto 15. In general, the high pressure case ex-
angle between the magnetic field and velocity field vectors inhibits lower angular differences from perfect draping.

the oncoming plasma. Without filtering by clock angle, the distributions of angu-
This same cone angle filtering has also been applied to thgy difference are clearly different in the high and low pres-
restricted data sets of Northward and Southward IMF respecgre cases. The main source of this pressure-related differ-
tively, see Sectsl.1and4.2for definitions of these data sets.) ence is in the form of the distribution of angular differences
In both cases, the differences between the results with cong, the high-latitude regions, with the low-pressure case hav-
angle filtering and the results without it are not significant. ing a much broader and less symmetrical distribution than
the high-pressure case. A Kolmogorov-Smirnov test shows
4.5 Pressure filtering that the differences in these distributions are significant (at
the 95% level). Unfortunately, filtering by pressure removes
As described in Sec8, the data were divided into two sub- all the flank data points from the low-pressure data set, so it
sets, corresponding to high and low solar wind pressure. Thés not possible to determine the effects of solar wind pressure
analyses of Sectdl, 4.1 and 4.2 were performed on both on magnetosheath draping in the equatorial flanks.
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There is also a significant difference between the high andn the equatorial flank regions, while magnetic reconnection
low pressure cases when the data are restricted to southwaehd the consequent motion of flux tubes across the magne-
IMF (as defined in Sect.2). This conclusion only applies topause can create a disordered magnetic field structure over
to the high latitude region, however, as this is the only regionany part of the magnetopause, particularly for southward
for which data fitting the IMF and pressure criteria exists. IMF. In general, the magnetosphere is open and always re-
When the same analysis is performed for northward IMF (asconnecting (Lyons et al., 1994), so any oncoming IMF phase
defined in Sect4.1), no significant difference is found be- front will typically encounter a reconnecting magnetopause
tween the high and low pressure data sets. rather than a quasi-dipole. The effects of these surface phe-

nomena on the magnetosheath field immediately upstream,

close to the magnetopause, are not clear. Nevertheless, inter-
5 Conclusions actions between the magnetosheath plasma and a complex,

structured magnetopause may play a part in producing the
Overall, only about 30% of data points exhibit perfect drap- highly variable draping behaviour shown in this paper.
ing within £10°, and only 70% are within 30 Removing The main question in this paper is this: Given an upstream
cone angles which are more thart4&m perpendicularim-  measurement of the IMF orientation, what can we say about
proves the perfect draping fit, by preferentially filtering out the orientation of the magnetosheath field close to the mag-
the most extreme angular differences. Southward IMF datanetopause? It is safe to assume that a southward IMF usu-
are closer to perfect draping than northward IMF data: Thisally leads to a generally southward magnetosheath field, and
is particularly marked in the high-latitude regions, probably similarly for northward, eastward or westward IMF. That is,
due to cusp effects. Magnetosheath draping is not symmetri¢he average IMF and magnetosheath clock angles are similar
with respect taB): The angular deviations at the flanks and when averaged over a sufficiently large spatial scale. It is not
at high latitudes are distributed very differently whBpis  safe to rely on the orientation of the magnetosheath field at
positive than wherB,, is negative. any given patch within g of the dayside magnetopause on

Some of the deviations from perfect draping, particularly 5-min averaged timescales being similar to that observed in
in the high-latitude flanks, roughly follow the magnetopausethe upstream IMF, or to that predicted by any simple gasdy-
shape. These can be understood in terms of gas-dynamigamic or analytical model.
draping at the magnetopause surfaces. Most angular differ- These results are important for models of reconnection in
ences, however, are not so well-ordered, and perfect draping/hich the magnetosheath magnetic field orientation plays a
is generally a better approximation than gas-dynamic drapsignificant role and, in particular, suggest that a greater un-
ing, in which the magnetopause shape gives rise to systenderstanding of the spatio-temporal structuring of the solar
atic deviations from perfect draping which are not seen inwind and magnetosheath, and consideration of its effects, are
most of the data presented in this paper. Thus it is not aneeded.

safe assumption, particularly when considering regions farAcknowledgementsThe WIND satellite data were provided by

from the subsolar point, to generally assume that the magn&p, \asa/GSFC CDAWeb, and the author thanks R. Lepping, A.
tosheath field is related to the upstream IMF in some falrlyLazarus, and K. Ogilvie, for making them available. The Geotail

simple, regular fashion. magnetic field and plasma data were provided by S. Kokubun, and
There are three possible sources for this complex beT. Mukai, through DARTS at the Institute of Space and Astronau-

haviour: Structure in the solar wind, disorder introduced bytical Science (ISAS) in Japan, and the Interball-Tail data by S. Ro-

the transition from the solar wind to the magnetopause, andnanov, and J.-A. Sauvaud The author would like to thank M. Pin-

Comp|ex phenomena at the magnetopause surface. There ck, M. Freeman and M. Lester for useful discussions of this work.

no reason to expect the effects of solar wind structure to vary ~ Topical Editor T. Pulkkinen thanks M. Goldstein and Z. Kaymaz

according to magnetopause location or IMF orientation, so'©" their help in evaluating this paper.

this cannot explain all the variability seen in this study. In
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