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Abstract. The plasma depletion layer (PDL) is a layer onthe 1  Introduction

sunward side of the magnetopause with lower plasma density

and higher magnetic field compared to their correspondingThe plasma depletion layer (PDL) is a layer on the sunward
upstream magnetosheath values. Itis believed that the PDL iside of the magnetopause with lower plasma density and
controlled jointly by conditions in the solar wind plasma and higher magnetic field compared to their corresponding up-
the interplanetary magnetic field (IMF). In this study, we ex- stream magnetosheath values. As an important layer between
tend our former model PDL studies by systematically inves-the solar wind and the Earth’s magnetosphere, the PDL has
tigating the dependence of the PDL and the slow mode fronbeen found in some former studies to be controlled by the
on solar wind conditions using global MHD simulations. We conditions in the solar wind (e.¢rarrugia et al.1997 Sis-

first point out the difficulties for the depletion factor method coe et al. 2002 Wang et al. 2003 2004b. In this paper

and the plasm@ method for defining the outer boundary of we present a systematic study of the properties of the PDL
the plasma depletion layer. We propose to use the N/B ratidor different solar wind conditions using global MHD simu-

to define the PDL outer boundary, which can give the best detations. Denton and Lyor(2000 have studied the effects of
scription of flux tube depletion. We find a strong dependencepressure anisotropy on the magnetosheath structure using a
of the magnetosheath environment on the solar wind magnez-D MHD model with anisotropic pressure and a flux surface
tosonic Mach number. A difference between the stagnatiormagnetopause. They found that the exact form of the paral-
point and the magnetopause derived from the open-closefél pressure gradient force may not be crucial for the global
magnetic field boundary is found. We also find a strong anddynamics of the PDL, except that the anisotropy leads to a
complex dependence of the PDL and the slow mode fronfarger bow shock standoff distance compared to the isotropic
on the IMF B;. A density structure right inside the subsolar case. Their results also imply that the effects of pressure
magnetopause for higher IMB, might be responsible for anisotropy may be even less for a 3-D system than for a 2-D
some of this dependence. Both the IMF tilt and clock an-system. Thus, our use of the isotropic MHD code appears to
gles are found to have little influence on the magnetosheatiye appropriate.

and the PDL structures. However, the IMF geometry has a Farrugia et al.(1997 studied three examples of low-
much stronger influence on the slow mode fronts in the magiatitude ISEE 2 passes through the dayside magnetosheath
netosheath. Finally, the Earth dipole tilt is found to play a mi- near noon on 3 December 1979, 5 October 1979, and
nor role for the magnetosheath geometry and the PDL along 1 November 1979, and they found that the properties
the Sun-Earth line. A complex slow mode front geometry is of the plasma depletion layer depend on the solar wind
found for cases with different Earth dipole tilts. Comparisons afy en Mach numberSiscoe et al(2002 summarized four
between our results with those from some former studies arfmportant MHD effects in the magnetopause boundary layer
conducted, and consistencies and inconsistencies are fountynd the magnetosheath that cannot be produced by gasdy-

) . namic models, including the PDL. They found a clear depen-
Key words. Magnetospheric physics (magnetosheath, solatyence of the PDL thickness on the IMF clock angle based on

wind-magnetosphere interactions) — Space plasma physicgejr global model resultavang et al(2003 compared their
(numerical simulation studies) global MHD model results, using IMP 8 and ACE solar wind
plasma and IMF observations as a driver, with Wind in-situ
observations for two PDL events on 12 January 1996 and 1
Correspondence toY. L. Wang January 1999. They found good visual consistency between
(ywang@lanl.gov) PDL observations and their model results. Meanwhile, the
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Table 1. Model input parameters for different model runs in this An alternate approach is to use models to mvespgate and
PDL dependence study. document the dependence of the PDL on solar wind condi-
tions. Such an approach would be similar to the one taken
by Spreiter et al(1966 for the basic properties of the mag-

netosheath. Spreiter's model has proven extremely useful
Vy (km/s) —450,-600,-750 for many subsequent studies. However, his model is gasdy-

Model input parameters (in GSE) Values

Vy (km/s) 0 namic and thus does not include the plasma depletion layer.
ZZ ((f_"rgs) 0 70 1 It is an approximation to the real magnetosheath environ-
Bx (nT) ' 0‘ ment because of its lack of the magnetic force and the use
B'ZV (nT) 2.7.14,21 of a rigid magnetopgusg. Contemporary dt_amands require a
N (cm3) 6 more thorpugh ver|f|cat|o_n and gndersta_ndmg of the results
Tp=Te (V) 10 from Spreiter's model. With the introduction of MHD and a
IMF tilt angle ©) 0, 45, 63 self-consistent model, significantly more free parameters en-
IMF clock angle f) 0, 15, 30, 45 ter the problem compared to a study based on a gasdynamic
Earth dipole tilt angle<) 0, 15, 30 model. At a minimum, the IMF strength and orientation need

to be considered in addition to the gasdynamic parameters.
In this paper, we first introduce the parameters for the
model runs that we have conducted for this study. Then we

_ i discuss the definition of the PDL outer boundary, which it-
average model departures, which are defined as the averageys is a challenge for the PDL study. After that, we show

separations between model results and observations, E TN dependence of the PDL on the solar wind magnetosonic
found to be generally smaller than the standard deviationﬁwach number, the IMRB,, and the IMF tilt and clock angles

. . . H Z .
of observations in their study. They concluded that an MHD g5 56 of the special role of the slow mode waves in both
description can produce the plasma depletion features in thgpqeryational and theoretical studies of the PDL formation

magnetosheath. Furthermore, they showed that the PDL 'fZWan and Wolf 1976 Song et al.1990a 1992 Southwood

stable for stable solar wind conditions and small magne-,q Kivelson 1992 1995, we also address the dependence

tosheath variations observed by single spacecraft were €Mt 1 sjow mode front on solar wind conditions. The results
poral, rather than spatial, variations during these two events., help us better understand the wave environment in the

Wang et al.(2004) went further to address the role of the 5 netosheath, especially during turbulent solar wind con-

SIOW_ mode waves for the formation of the PDL’ and they giions when the slow mode waves could play a much more
confirmed the existence of the slow mode front in the MagNejmnortant role to control the flow and field in the magne-
tosh_eath for certain, but not all, stable solar wind conditions.; cheath. Since the Earth dipole tilt also affects the coupling

Their results showed a clear dependence of the slow mOdBetween the Earth’s magnetosphere and the solar wind, we
front on the IMFB;. Although they concluded that the slow 55, 4qdress the dependence of the PDL and the slow mode

mode waves have little effect on the magnetosheath flow an‘flront on it, which has seldom been done before. Finally, we
field structures, including the plasma depletion layer, theyg ,mmarize the results in this study ’

did not exclude the possibility of a much larger role of such
waves for the formation of the PDL for more turbulent mag-

netosheath conditions. 2 Model runs

Until now, however, still no systematic study has been con-
ducted for the dependence of the PDL on various solar windThe Raeder global geospace model is used in this study. This
parameters. Experimentally this is very difficult because ofmodel solves resistive MHD equations with isotropic pres-
the scarcity of observations. This is mostly because satelsure in a large, three-dimensional volume surrounding the
lites that have their apogee or perigee near the magnetopaugsrth, such that the entire interaction region between the so-
distance, for example, Geotail, do not traverse the PDL, butar wind and the magnetosphere, as well as the ionosphere,
rather skim along the magnetopause. From such measurés included Raeder2003. Specifically, the simulation do-
ments it is generally not even possible to determine if onemain comprises the bow shock, the magnetopause, and the
has observed the PDL. On the other hand, satellites that tramagnetotail up to several hundr&} from the Earth. The
verse the magnetosheath rapidly provide data that allow on& OAA Coupled Thermosphere lonosphere Model (CTIM) is
to identify the PDL. However, such orbits, for example, thoseincluded to handle the coupling between the magnetosphere
of Wind, provide magnetosheath traverses at a much loweand the ionospherd-(ller-Rowell et al. 1996 Raeder et a.
rate. Further, Wind'’s orbit is controlled and it penetrates the20018. In this study, however, we only use uniform iono-
magnetosheath far from the subsolar point where the mossphere conductivity of 5 Siemens because the ionosphere is
important physics of the PDL occurs. Together with the re-likely to have little influence on the magnetosheath flows.
quirement of concurrent observations of stable solar wind In order to study the dependence of the PDL on solar wind
conditions, northward IMF preferred, leads to very few PDL conditions and the Earth dipole tilt, we make a series of
observations. global model runs with a solar wind density of N=6tf
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Fig. 1. The utility of the N/B ratio to mark the outer boundary of the plasma depletion layer. Shown here are the global model results with
the baseline solar wind conditions as input. The left panels show the results in the GSE z=0 plane, and the right panels show the results in the
GSE y=0 plane. The N/B values are shown as the background on the top panels, and the plasma density values are shown as the backgrour
on the bottom panels. The open-closed magnetic field boundary is shown as a red zigzag curve in each of the panels. The flow lines are
shown as white smooth curves in the left panels, and magnetic field lines are shown as white smooth curves in the right panels.

an interplanetary magnetic fieBl=(0, 0, 7) nT, a solar wind netopause. This method was first introducedZwan and
velocity V=(—450, 0, 0) km/s, and a solar wind temperature Wolf (1976 and it has been used in some other PDL stud-
of T,=Te=10€V as the baseline solar wind conditions. Theies (e.g.Siscoe et a).2002 Song and Russgl2002. Zwan
input parameters for the model runs in this study are showrand Wolf (1976 found X to be 3—4 at the stagnation point
in Tablel. Those values in Tablé that have only a single and they defined the thickness of the depletion layer to be the
number are not varied in the parameter tests. distance from the stagnation point to the half post-bow shock
In each parameter test, the global geospace model is rugensity point £=2). The PDLs withx larger than 2 have
for three hours in physical time, which is sufficient for the been observed (e.grooker et al. 1979 Paschmann et al.
model to overcome its start-up effects. The results shown irl993 Phan et a].1994 Wang et al. 2003. However, most
this paper are obtained at the final time of each run, which renumerical model studies obtained smalleralues (e.gWu,
flect stable subsolar magnetopause and magnetosheath catB92 Lyon, 1994). Siscoe et al(2002 obtained & of ~10,
figurations. which is not only much higher than most other numerical
model results, but also much larger than the usually observed
A values. Later in this paper, we show thas controlled by
3 The definition of the PDL boundary solar wind conditions. The plasmamethod has also been
used by some authors (ekarrugia et al.1997) to define the
The plasma depletion layer is not a very well-defined struc-PDL outer boundary. The plasmgas defined as the ratio be-
ture in the magnetosheath. Although itis more or less sharplyween the plasma pressure and the magnetic pressure, which
bounded by the magnetopause on the downstream side, itveals the relative contribution of the plasma and magnetic
usually has no sharp boundary on the upstream side but field in controlling plasma motion. Whe#i<1, the magnetic
rather gradual change in the magnetic field magnitude andield is playing a more important role. When-1, plasma is
the plasma density. Defining the upstream boundary is theremore important. Usually from the bow shock to the magne-
fore difficult and any method must be to some extent arbi-topause, th@ value decreases and the magnetic field is play-
trary. ing a more and more important role in controlling plasma
Currently, there are two most commonly used methods tamotion. It is convenient to use a particufgwvalue to define
define the PDL outer boundary: the depletion factor methodthe PDL outer edgef-arrugia et al(1997) believed that this
and the plasmg method. In the depletion factor method, definition captures the physical meaning of the plasma de-
the depletion factory, is defined as the ratio between the pletion layer in which the magnetic force dominates over the
plasma density just after the bow shock and that on the magplasma pressure force. Usuafy1l was used to define the
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PDL outer boundary. However, sometimes they uge.5  than purely plasma density decrease, it could be a good idea
for a more restrictive definition. to use a quantity best fit to describe flux tube depletion to
The depletion factor method defines the PDL outer bound-mark the outer boundary of a plasma depletion layer. One
ary in a more descriptive way, and the plasfhmethod de-  such quantity is the N/B ratio. Figurk shows the global
fines the PDL outer boundary in a more physical way. Al- model results with the baseline solar wind conditions as in-
though these two methods are very easy to use in practicgqut. The left panels show the results in the GSE z=0 plane,
they have major difficulties. For the depletion factor method,and the right panels show the results in the GSE y=0 plane.
it misses the earlier drop of the plasma density in the magneThe N/B ratio is shown as the background in the top pan-
tosheath, which includes important physics that distinguishesls, and the plasma density is shown as the background in
the PDL from the other part of the magnetosheath. For thehe bottom panels. A layer with decreased plasma density
plasmas method, it assumes that the plasfia the control-  is shown in each of the bottom panels of Fig. We also
ling factor of the PDL. However, this assertion lacks soundsee a layer on the magnetopause with decreased N/B ratio,
observational and theoretical support. To be specific, if thewhich means flux tube depletion. Some parameters along
solar wind Mach number is lov§ <1 could occur in all of the  the Sun-Earth line in Figl are shown in Fig2. The four
magnetosheath, which makes such a definition of the PDLpanels from top to bottom show the flow speed, the magnetic
outer boundary impossibléVang et al (2003 showed that field magnitude, the plasma density, and the N/B ratio. The
the PDL formation is a three-dimensional MHD effect with magnetopause is defined as the location where the magne-
complex interactions between the plasma pressure gradietiosheath flow speed is close to zero. In Bghere is a weak
force and the magnetic force in the magnetosheath. In thelecrease of the N/B ratio from the bow shock toward the
PDL and the other magnetosheath region, both forces playnagnetopause. A steeper N/B ratio decrease is seen closer
important roles in shaping the magnetosheath. This may noto the magnetopause (the shaded region inBigchich dif-
be fully reflected by a singl@ value. Specifically, plasma ferentiates a layer from the other part of the magnetosheath.
motion along a flux tube, which is crucial for flux tube deple- Thus, we can use the N/B ratio to define the outer boundary
tion, is only controlled by the plasma pressure gradient forceof the PDL by analyzing the different trends of it from the
along that flux tube and has nothing to do with the plagma bow shock to the magnetopause. More specifically, in the de-
value. Another important difficulty for both of these methods pletion layer, there is a steeper N/B ratio decrease toward the
is that they are fairly arbitrary and, in practice, various val- magnetopause, while in the other part of the magnetosheath
ues have been used to define the outer boundary for differerthe N/B ratio decrease is weaker. We can define the bound-
purposes. ary between the two different N/B ratio trends as the outer
Because the physics of the PDL is more related to the deboundary of the PDL. In this way, we can not only capture
pletion of plasma along flux tube, e.g. flux tube depletion, the sharpest change for flux tube depletion, but also avoid
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Fig. 3. The dependence of the PDL and the slow mode front on the solar wipg 0ing different solar wind velocities’, =—450 km/s
(Mms=5.3),—600 km/s (Mys=7.1), and-750 km/s (Mys=8.8) as model inputs. The other solar wind input parameters/garel,=0 km/s,

B=(0, 0, 7)nT, N=6¢crm3, and Tp=Te=10eV. The left panels show the results in the GSE z=0 plane, and the right panels show the results in
the GSE y=0 plane. The N/B ratio is shown as the background and the open-closed magnetic field boundary is shown as a red zigzag curve
in each of the panels. Flow lines are shown as white smooth curves in the left panels, and magnetic field lines are shown as white smooth
curves in the right panels. The boundary between the regions where the slow mode group velocity can and cannot overcome the flow velocity
are shown as black zigzag curves in the right panels. The slow mode fronts are the segments of these black curves where plasma flows int
the closed black curve regiond/éng et al.2004).

using arbitrary parameters like the depletion factor methodd The effects of the solar wind magnetosonic Mach
and the plasmg method. Although this task can usually number

be easily done by visual analysis, there are many difficulties

in finding an algorithm to automatically determine such anThe magnetosonic Mach number is defined as:
outer bogndary of the PDL. For example, in certain IatitudesMMS:V/ VIZA_’_Cg, here V is the plasma flow speed,
and longitudes, the PDL structure becomes very flat, and thQ/A the Alfvén speed, and {the sound speed. Figut

N/B ratio trend is difficult to tell even for visual evaluation.  ghows the dependence of the PDL and the slow mode
front on the solar wind Ms using three different solar
wind velocities V,=—450km/s (Mys=5.3), —600km/s
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(Mms=7.1), and—750km/s (Mss=8.8) as model inputs. magnetic field boundary and they also move closer to the
The other solar wind input parameters afg=V,=0km/s, = GSE z=0 plane.

B=(0, 0, 7)nT, N=6cm?, and T,=Te=10 eV. The left panels Figure4 shows some important parameters along the Sun-
of the figure show the results in the GSE z=0 plane, and theearth line for the three runs with different solar windy

right panels show the results in the GSE y=0 plane. TheThe magnetosphere is on the left side and the solar wind is
N/B ratio is shown as the background and the open-close@n the right side of each panel. The black dot on each line
magnetic field boundary is shown as a red zigzag curve instands for the stagnation point on that line where the magne-
each of the panels. Flow lines are shown as white smoothosheath flow speed reaches close to zero. For this definition
curves in the left panels, and magnetic field lines are showrpf the stagnation point we folloiscoe et al(2002. The

as white smooth curves in the right panels. The boundarylank triangle on each line stands for the outer boundary of
between the regions where the slow mode group velocity cahe PDL which is defined by the trend change of the N/B
and cannot overcome the flow velocity are shown as blackatio along that line in the magnetosheath. With the increas-
zigzag curves in the right panels. The slow mode frontsing solar wind velocity, the stagnation point moves toward
are the segments of the black curves where plasma flowghe Earth, and the thickness of the plasma depletion layer de-
into the closed black curve regiond/éng et al. 2004H. In creases.

Fig. 3, the magnetopause and the magnetosheath are more gong et al(1999 pointed out the distinction between the
strongly compressed for higher solar wind velocity (higher stagnation point, as we use here, and the magnetopause de-
Mwms) than for lower solar wind velocity (lower Ms).  fined as the last closed field line surface, which is often used
This is because higher solar wind velocity corresponds ton model studies Siscoe et al(2002 found the similar re-
larger dynamic pressure. There is very little difference for gyts in their global model study for the northward IMF case.
the density structures in the magnetosheath, except thah panel (e) of Fig.4, we show the field line connectivity,
these structures are more compressed for higher solar winginich is defined as the number of connections of a field line
Mwms. However, there are obvious differences for the slowyjth the Earth. We see that the magnetopause, as defined
mode front, which is shown in the right panels of F&.  py the last closed magnetic field line, does extend further out
More specifically, with the increasing solar windw¥, the  jnto the magnetosheath than the stagnation point. This is con-
slow mode fronts are pushed closer toward the open-closedistent with bottSong et al(1999 andSiscoe et al(2002,
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Fig. 5. The dependence of the PDL and the slow mode front on the BMR2, 7, 14, and 21 nT. The other solar wind input parameters are:
Bx=B,=0nT, V=(-450, 0, 0) km/s, N=6 cm3, and Tp=Te=10eV. The other formats of this figure are the same as those iB.Fig.

and itis likely a result of the reconnection process pOIeWardTabIe 2. Comparison between the depletion factors from different

of the cusp. The poleward cusp reconnection usually occurgygies.

during northward IMF when antiparallel or quasi-antiparallel
configuration forms between magnetosheath and lobe field
lines (e.g.Dungey 1961). A magnetosheath field line can
become closed field line through this poleward reconnection
(Song and Russelll992. However, the field line can still
keep some magnetosheath flow speed. This can explain the
more outward extension of the open-closed magnetic field
boundary than the stagnation point.

Historically, the depletion factor has been used as an im-
portant parameter for characterizing the PDL and comparing

Sources

Depletion facta,

Zwan and Wolf(1976

Wu (1992

Lyon (1994
Siscoe et al(2002
This study

34
13
1.2
10
1.95

between different model results. The depletion factors frompared to the other model results, and it is closefwan and
some other studies and this study (using baseline solar windVolf (1978’s result.
conditions) for more or less similar solar wind conditions  Table3 shows the dependence of some important param-
are shown in Tabl@. The results ofAMu (1992 and Lyon eters on the solar wind k. Here My is the solar wind
(19949 lead to very small depletion factors. While the deple- Alfvén Mach number, pp. is the PDL thickness, up is

tion factor fromSiscoe et al(2002 is much higher than all  the distance between the magnetopause and the Eagh, L
the other results. Our depletion factor is intermediate com-is the distance between the bow shock and the Eariy H
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Table 3. The dependence of some important parameters along the Sun-Earth line on the solagjind M

Mms  Vsw(kmis) Ma B L HppL(RE) Lwmp(Rg) Les(Rg) Hwms(Rg)

5.3 -450 7.2 1.0 195 0.60 9.7 13.1 3.4
7.1 —-600 9.6 1.0 233 0.57 8.8 11.4 2.6
8.8 —750 120 1.0 2.05 0.50 8.1 10.2 21

Table 4. The dependence of some important parameters on theAMitong the Sun-Earth line.

IMF B, (nT) Ma Mps B A HppL(RE) Lmp(Rg) Les(Rg) Hws(Rg)

2 253 75 121 131 0.15 9.9 12.0 2.1
7 7.2 5.3 1.0 191 0.57 9.7 131 3.4
14 3.6 3.3 0.2 148 1.00 9.4 145 51
21 2.4 2.3 0.1 1.05 1.05 9.1 16.5 7.4

is the thickness of the magnetosheath, gnid for the so- dependence of the slow mode front on the IME, which
lar wind which includes both electron and ion pressure inis shown in the right panels of Fig. For IMF B,=2nT,
its calculation. With increasing solar wind\\4, both the  the slow mode fronts occur inside the open-closed magnetic
bow shock and the magnetopause are more compressed theld boundary and it extends almost to the GSE z=0 plane.
ward the Earth, and the magnetosheath thickness along thehis is very different from the results for IMB,=7nT in
Sun-Earth line decreases too. As a result, the PDL is alsavhich case the slow mode fronts are farther from the open-
squeezed. The depletion factor varies with the solar windclosed magnetic field boundary in the magnetosheath and far-
Mms but not monotonically. When the solar windy is ther from the GSE z=0 plane. For IMB,=14 and 21nT,
high, the depletion factor becomes larger than 2. Althoughthe slow mode fronts return inside the open-closed magnetic
there is no slow mode front along the Sun-Earth line in all thefield boundary and they become more compressed and closer
three cases (see the right panels of Bjgthe PDL exists (see to the GSE z=0 plane compared to the IMFE=7 nT case.
Fig. 4). This further confirms our conclusion iWang et al. Figure 6 shows the flow speed, the plasma density, the
(20041 that the slow mode front is not a necessary conditionmagnetic field magnitude, and the N/B ratio along the Sun-
for the PDL formation. Similar results are obtained for many Earth line for the four model runs with different IMB, in
other cases later in the paper, which will not be discussed. Fig. 5. There is a very strong dependence of the PDL struc-
tures on the IMFB,. Specifically, there is no clear PDL struc-
ture for IMF B,=2nT (the plasma pressure is much larger
5 The effects of the IMF B, than the magnetic pressure). In this case the plasma pres-
sure is playing a crucial role and the plasma in the magne-
Figure 5 shows the dependence of the PDL and thetosheath is acting more like the gasdynamic case which pro-
slow mode front on the IMFB,: 2, 7, 14, and 21nT. duces no plasma depletion. When INE=7 nT, very clear
The other solar wind input parameters arB)'C:By:O nT, PDL structure occurs. When the IME, is larger, the PDL
V=(-450, 0, 0) km/s, N=6cm?, and T,=Te=10eV. In the  structure becomes wider and more smoothed out. This is
figure, the larger the IMFB; is, the stronger the magne- likely caused by the much stronger magnetic force than the
topause is compressed toward the Earth (because of the eplasma pressure gradient force in the magnetosheath, as well
hanced solar wind magnetic pressure), and the farther th@s the much more stretched out magnetosheath. The density
bow shock extends toward the solar wind (because of thgpeaks inside the subsolar magnetopause are larger for higher
enhanced fast mode wave velocity, and the reduction of thdMF B, cases and they are likely caused by the enhanced
Mwus), and the thicker the magnetosheath. In Fgwith ~ polar reconnection.
increasing IMFB,, a larger density structure starts to occur Some important parameters along the Sun-Earth line for
near the subsolar point right inside the magnetopause. Thidifferent IMF B, are listed in Tablel. The depletion factor
density structure extends in both the z=0 plane and the y=@loes not change linearly with the IMB,. Instead, it first
plane and its peak density increases with the IBIEF This increases then decreases with the IBIF The later decrease
density structure is likely caused by the plasma flow from theof the depletion factor with the IMEB, can be explained
polar reconnection. If so, the larger the IM#, the stronger by the enhanced polar reconnection which produces the den-
the polar reconnection to produce larger plasma density insity increase near the stagnation point. With increasing IMF
side the subsolar magnetopause. Meanwhile, there is a stron,, the magnetopause is almost linearly pushed toward the
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Earth, and the bow shock extends almost linearly into theGSE z=0 plane moves more perpendicular to magnetic field,
solar wind. As a result, the thickness of the magnetosheatland it feels more magnetic pressure force generated by the
increases almost linearly from2 Rg for IMF B,=2nT to piling up of the magnetic field on the magnetopause. As a
~7 Rg for IMF B,=21nT. Similarly, the PDL thickness in- result, the plasma density builds up more above the GSE z=0
creases monotonically with the IME;. plane.

Similar to the N/B ratio asymmetry, the slow mode fronts

. also show a strong asymmetry for the cases with non zero
6 The effects of the IMF tilt angle IMF tilt angles. For the case with IMF tilt angle=45 large
slow mode front is seen below the GSE z=0 plane and a very
small slow mode front is seen above the plane. Meanwhile,
the slow mode front below is closer to the GSE z=0 plane
than the one above. This slow mode front asymmetry in-
creases with the IMF tilt angle. When IMF tilt angle=63
the slow mode fronts above and below the GSE z=0 plane
attach to each other to form a large slow mode front, whose

line structures, starting from the same locations in the soI ¢ extend far into th tosheath and i
lar wind, for different IMF tilt angles. This means that the ower part extends very far into the magnetosheath and IS
very close to the bow shock.

plasma flow in the magnetosheath is to some extent con-
trolled by the IMF tilt angle. Although the IMF orienta- Figure 8 shows the flow speed, the plasma density, the
tion is different from case to case, there is only very little magnetic field magnitude, and the N/B ratio along the Sun-
change for the locations of the magnetopause and the bowarth line in Fig.7. There is very little difference for these
shock in the GSE z=0 and y=0 planes. In contrast to allcases with different IMF tilt angles. Specifically, the loca-
the former cases, an asymmetry develops for the N/B ratidions of the magnetopause and the bow shock do not change
structure in the GSE y=0 plane. Specifically, the peak of themuch for different IMF tilt angles. Meanwhile, the PDL
N/B ratio inside the magnetosheath moves to the north of theshows a very similar pattern along the Sun-Earth line for
GSE z=0 plane for IMF tilt angle=45and 63 in the tests. the different cases in this study. The parameters along other
This can be explained, referring to the magnetic field linesneighboring radial lines show similar results, except a lit-
in the right panels of Fig7, by the fact that the plasma be- tle shift of the bow shock location and a little change in the
low the GSE z=0 plane moves more along magnetic field,plasma depletion pattern on the magnetopause. By compari-
thus it can move easier. While the plasma to the north of theson, the effects of the IMF tilt angle (the IMB,) are much

Figure 7 shows the dependence of the PDL and the slow
mode front on the IMF tilt angle: O(IMF B,=0nT), 43
(IMF B,=7nT), and 63 (IMF B,=14nT). The other so-
lar wind input parameters are: IMB,=0nT andB,=7nT,
V=(-450, 0, 0)km/s, N=6cm®, and T,=Te=10¢€V. In the
left panels of Fig.7, there are different magnetosheath flow
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Fig. 7. The dependence of the PDL and the slow mode front on the IMF tilt angle. In these cases, we have the sape(NIF
and B,=7nT, but different IMFB, =0, 7, and 14nT. The other solar wind input parameters &re(—450, 0, 0) km/s, N=6 cm3, and
Tp=Te=10€V. The other formats of this figure are the same as those iB.Fig.

smaller than those of the IMB,. This result is consistent assumed in their simulation, actually no plasma density de-
with some observations (e Barrugia et al.1997 and model  pletion can be obtained in the magnetosheath. Further, a 2-D
results (e.gRaeder et al2001a Wang et al.2003. Further,  simulation is also a limitation, which is unlikely to be able
the IMF B, is not likely a major controlling factor for the to give a reasonable description of the PDL formation as dis-
PDL, at least near the Sun-Earth line. cussed inNVang et al(20043.

Lee et al.(199]) simulated the enhanced plasma pressure
and decreased magnetic field intensity in the magnetosheath,
as observed b$ong et al(1990h, using a 2-D incompress- 7 The effects of the IMF clock angle
ible MHD simulation code. They found that, when there is
a normal component of the IMFB( £0), the total magnetic Figure 9 shows the dependence of the PDL and the slow
field intensity tends to decrease in front of the depletion layemmode front on the IMF clock angle:°015°, 30°, and 45
due to the bending of magnetic field lines, and the plasmawith the same IMF magnetic field magnitude (7 nT). The
pressure is enhanced in this region. On the other hand, wheother solar wind input parameters a#é=(—450, 0, 0) km/s,
IMF B, =0, this slow-mode structure is not present in the sim-N=6 cn13, and To=Te=10eV. In the figure, little influence of
ulation and only the plasma depletion layer is observed. Outhe IMF clock angle on the magnetosheath plasma structures,
results have shown that, in cases with both IMF0 and including the PDL, is seen in the GSE z=0 and y=0 planes.
B, #0, there is no structure with enhanced plasma densitySpecifically, there is little change for the locations of the bow
and decreased magnetic field. The difference betwssn  shock, the magnetopause, and the magnetosheath. The slow
et al. (199)’s results and our results is likely caused by the mode front, however, is strongly influenced by the IMF clock
different models used in the studiee et al.(1991) used a  angle. The slow mode front foPOMF clock angle has been
simplified model in their study. Since incompressibility is discussed in former sections. For & 4BF clock angle, the
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Fig. 8. The flow speed, the plasma den-
sity, the magnetic field magnitude, and
the N/B ratio along the Sun-Earth line
in Fig. 7. The other formats of this fig-
ure are the same as those in Fg.
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Table 5. The dependence of some important parameters on the IMF clock angle along the Sun-Earth lin@.in Fig.

Clockanglef) Ma Mys B A HppL(Rg) Lmp(RE) Les(Rg) Hms(RE)

0 7.2 5.3 1.0 1.95 0.57 9.7 131 3.4
15 7.2 5.3 1.0 201 0.57 9.7 13.0 3.3
30 7.2 5.3 1.0 208 0.80 9.7 13.0 3.3
45 7.2 53 1.0 227 0.80 9.7 12.8 3.1

slow mode front significantly shrinks in the y=0 plane. Fur- pletion factor increases slightly with the IMF clock angle,
ther, for 30 and 4% clock angles, there is basically no slow although this dependence is much weaker than the depletion
mode front in the y=0 plane in the magnetosheath. factor dependence on the solar windypand the IMFB,.
Figure 10 shows the flow speed, the plasma density, theMost of the small depletion factor increase is due to the lit-
magnetic field magnitude, and the N/B ratio along the Sun-tle differences in the density structures near the stagnation
Earth line in Fig.9. Very little difference is seen in the mag- point. Similarly, very little or no dependence is seen for the
netosheath for these cases with different IMF clock angleslocations of the bow shock and the magnetopause. As a re-
except that there are some little deviations between them ault, there is very little change in the thickness of the mag-
the bow shock and right before the stagnation point. Bighetosheath. Finally, there is a non monotonic dependence of
differences are seen for the density immediately inside théhe PDL thickness on the IMF clock angle.
subsolar magnetopause. Specifically, the smaller the IMF Figure11 shows the normalized plasma density along the
clock angle, the higher the plasma density inside the magstagnation streamline for different IMF conditions fr@is-
netopause. The plasma density inside the subsolar magneoe et al.(2002. Angles specify the clock angle of the
topause is likely coming from the polar reconnection. If this IMF. The two vertical lines in each panel show where the
is true, then the different density peak magnitudes inside thevelocity goes to zero (the stagnation point) and where the
magnetopause reflect the reconnection rate for different IMRdensity drops to half its post-shock value. We see a large
clock angles. The smaller the IMF clock angle, the strongerstructural difference between the cases wittafd 45 IMF
the polar reconnection, and the more solar wind plasma caelock angles. Specifically, the®case has a long bottom
go from the cusp to the subsolar magnetosphere. Table extending into the magnetosphere, while thé 4&se has
shows the dependence of some important parameters on ttee sharp density cutoff following the density drop close to
IMF clock angle along the Sun-Earth line in Figy. The de-  the magnetopause. As a result, the magnetopause density
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Fig. 9. The dependence of the PDL and the slow mode front on the IMF clock anjlé&:59, 30°, and 45 with the same IMF magnetic
field magnitude (7 nT). The other solar wind input parameters Hr&g:—450, 0, 0) km/s, N=6 cm3, and Tp=Te=10eV. The other formats
of this figure are the same as those in Bg.

is close to zero for the 45case but a finite value~0.5) global geospace model in our PDL studies. Many settings in
for the O case. Figurd2 shows the dependence of the de- these two models are different, for example, numerical grids
pletion layer thickness obtained from Fijyl on the IMF  and numerical resistivity. Those different settings are likely
clock angle. A value of 0.1Bg, representing the resolu- to be responsible for the large differences between our re-
tion of their simulations, has been subtracted from the solidsults. The different methods to define the outer boundary of
line to obtain the dashed line. In both Figd. and12there  the PDL, the depletion factor method Byscoe et al(2002

is a much stronger dependence of the PDL thickness on thand the N/B ratio method by us, are also likely to contribute
IMF clock angle. Specifically, from Oto 45 IMF clock to such differences. As a test of the accuracy of the Raeder
angle, the thickness of the PDL varies fron0.43Rg to global geospace model, we conducted case studiédéamy
~0.3Rg, which is very different from our results in both et al.(2003 and good consistency was obtained between our
magnitude and trend. The solar wind parameters us€isin - model results and spacecraft observations.

coe et al.(2002 are: V=-350km/s, N=5cm?, T=20eV,

and B=5nT, which are different from what we have used.

However, the different solar wind inputs are not likely to 8 The effects of the Earth dipole tilt

cause the big differences between their results and &iss.

coe et al(2002 used the ISM model and we use the Raeder The major difference between the Earth dipole tilt and the
IMF tilt in the GSE y=0 plane is the solar wind flow direction
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Fig. 10. The flow speed, the plasma
density, the magnetic field magnitude,
and the N/B ratio along the Sun-Earth
line in Fig.9. The other formats of this
figure are the same as those in Hg.

Fig. 11. Taken from Siscoe et al.
(2002. Normalized plasma density
along the stagnation streamline for dif-
ferent IMF conditions. Angles specify
the clock angle of the IMF. The two
vertical lines in each panel show where
the velocity goes to zero (the stagnation
point) and where the density drops to
half its post-shock value (to determine
the thickness of the depletion layer by
the Zwan and Wolf criterion).
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netopause for the dipole tilt=2%nd 30 would be closer to
the Earth. The reason for adding an extra panel in Fy.
No reselutioncormagfion V., is to show whether we should use the previous way to
define the magnetopause. Panel (a) of Bigshows that
the V, changes direction farther out from the point where the
flow velocity reaches close to zero. We believe the downward

0.30 Zero IMF correction

Depletion Layer Thickness (Re)

020 flow closer to the Earth is likely the flow produced by the po-
0.10 lar reconnection, which should be inside the magnetopause,
0o while the upward flow farther from the Earth is the magne-
o 5 % 138 450 tosheath flow. Thus, it could be more accurate to define the
IMF Clock Angle (Degrees) magnetopause as the boundary between the upward and the

downward flows. In panel (e), the N/B trend in the mag-
Fig. 12. Taken fromSiscoe et al(2003. Dependence of the thick- netosheath is very weak, which makes the definition of the
ness of the depletion layer, as definedzwyan and Wolf(1976), PDL outer boundary very difficult. Here, we use the density
obtained from Figllon the IMF clock angle. Avalue of 0.18:,  trend in the magnetosheath as a complement to accomplish
representing the resolution of the process, has been subtracted frofs a5k In the figure, there is little difference for the param-
the solid line to obtain the dashed line. . . . .
eters in the magnetosheath for the different Earth dipole tilt
angles, except in the small region close to the magnetopause
where the PDL occurs.

relative to the Sun-Earth line. Thus, the effects of the Earth Table6 shows the detailed dependence of some important

I(ilizﬁlree ;'g ;?er\l/gttﬁs gsgzggnlézmo?‘ ';[Eee |r:.e§|l_J Ifnhn tﬁeécstl'owparameters along the Sun-Earth line on the Earth dipole tilt.
mode front on the Earth dipole tilt in the GSE y=0 plang; 0 There is a large drop of the depletion factor when the dipole

15°, and 30. The baseline solar wind conditions are used astiIt angle increases from’0o 15, A smaller depletion fac-
T . . tor drop is seen when the dipole tilt angle changes frofn 15
model input, which correspond to a solar windyl5.3. P b g 9

. . oo ) . to 3. In all the three cases with different Earth dipole tilt
Similar to Fig. 9, there is little difference in the magne- b

tosheath struct including the locati fthe b h angles, little difference is seen for the locations of the mag-
osheatn structures, inciuding the locations 0T tn€ bow S OClﬁetopause and the bow shock, as well as the thickness of the
and the magnetopause, for different Earth dipole tilts. Mean

. . ; [ tosheath. M hile, the PDL thick ly ch
while, no strong N/B asymmetry is seen for the different magnetoshea eanwhte, the Ickness only changes

. . o lightly.
cases. The strongest influenced by the Earth dipole tilt is thé5 'ghtly.

slow mode front. The slow mode front fot &arth dipole tilt

has been discussed earlier in the paper. FoEEBth dipole

tilt, the slow mode fronts above and below the GSE z=0 plane9 Discussion and conclusions
are connected to each other. The slow mode front structure

is not symmetric, which is obviously caused by the non-zerotpe magnetosphere is driven by the solar wind through the
Earth dipole tilt. There are segments of the slow mode frontcoup"ng between them on the magnetopause. As an impor-
extending into the magnetosheath in both north and south ofant structure on the magnetopause usually during northward
the GSE z=0 plane. The major difference between them ig\F conditions, the plasma depletion layer clearly differen-
that the north slow mode front is more detached from thejates jtself with lower plasma density and higher magnetic
center slow mode front, while the south slow mode front is fig|q than the upstream magnetosheath conditions. Such a
closely connected with the center slow mode front, althoughboundary condition can undoubtedly affect the mass, mo-
there is a long bulge extending along the field line into the mentum, and energy coupling between the solar wind and
magnetosheath. The 3Barth dipole tilt case issimilartothe {he magnetosphere. It has long been known that the coupling
former case, but with a more asymmetric slow mode front.petween the solar wind and the magnetosphere has a differ-
The slow mode front north of the GSE z=0 plane, which oc-ent degree of dependence on solar wind conditions. A more
curs for the 15 Earth dipole tilt, almost disappears in this qyantitative understanding of such a dependence is especially
case. But there is little change for its southern counterpart. important for the space weather study which requires accu-

Figurel4shows the plasmé;, the flow speed, the plasma rate representation of the Sun-Earth connection and magne-
density, the magnetic field magnitude, and the N/B ratiotosphere dynamics. However, such a systematic and exten-
along the Sun-Earth line in Fid.3. The black dot on each sive study about the dependence of the PDL on different con-
line marks the location of the magnetopause on that lineditions has never been performed. This is an important incen-
which is defined by the close to zero flow velocity or the re- tive for this work. Because of the strong limitations of PDL
verse ofV,. There are very distinct structures near the mag-observations and the oversimplifications of analytical mod-
netopause for the flow speed, which are different from all theels in describing the PDL, we have been using the Raeder
other cases that we have shown earlier. These differences agdobal magnetosphere model in this study, which has proven
obviously connected with the Earth dipole tilt. If we follow to be able to describe the fundamental physics of the plasma
the former definition of the magnetopause (V=0), the mag-depletion layer\\Vang et al. 2003.
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Fig. 13. The dependence of the PDL and the slow mode front on the Earth dipole tilt in the GSE y=0 labg’, @nd 30. The baseline
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this figure are the same as those in Bg.

Table 6. The dependence of some important parameters along the Sun-Earth line on the Earth dipole tilt.

Dipole tiit (°) Ma Mps B L HppL(Rg) Lmp(RE) Les(Rg) Hms(Rg)
0 7.2 53 1.0 1.95 0.57 9.7 13.1 3.4
15 7.2 5.3 1.0 141 0.60 10.2 13.2 3.0
30 7.2 53 1.0 1.28 0.55 10.2 13.4 3.2
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We first introduce a new method to define the outer bound-N/B ratio trend change exists, we suggest using the density
ary of the plasma depletion layer. We believe that the ratiotrend change as a replacement. Such a method is still differ-
between the plasma density and the magnetic field magnitudent from the depletion factor method which uses a particular
(N/B) can give the best description of flux tube depletion in density ratio threshold instead of a density trend change to
the magnetosheath, which is crucial for the formation of thedefine the outer boundary of the PDL.

PDL. In most of the cases, there are clear N/B ratio trend

In the later part of the paper, we studied the dependence

changes near the magnetopause, where we can define th¢ the plasma depletion layer and the slow mode front on
outer boundary of the PDL. In the rare cases, where no cleagolar wind conditions and the Earth dipole tilt. We have
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found consistency and inconsistency between some of ousitu satellite PDL observation$\ang et al. 2003. On the
results and former results from other people. For examplepther hand, most model studies compared in this paper used,
our results for different locations of the magnetopause us-at most, qualitative observation results. It is understandable
ing different definitions (stagnation point versus last closedthat model verifications using realistic observations is a very
magnetic field line) are consistent with the resultsSoihg  difficult task for model studies, especially for those earlier
et al. (1999 andSiscoe et al(2002. We also compared the ones. However, it has become more and more important for
plasma depletion factors from our study and some formemodels to take this step of validation, which is crucial for ap-
studies for similar solar wind condition@Wan and Wolf plying the models in practice, including space weather pre-
1976 Wu, 1992 Lyon, 1994 Siscoe et a).2002 and found  diction.

that our results are intermediate among these results. In our In almost all the cases of this study, we find strong depen-
study of the dependence of the PDL on the IMF tilt angle, dence of the slow mode front on different solar wind condi-
we compared our results with the resultd ek et al.(1991) tions and the Earth dipole tilt. As discussed in detaiNang

and found important differences between them. Specificallyet al.(2004h), such slow mode fronts cannot modify the flow
Lee et al.(199]) found strong dependence of the enhancedand field structures in the magnetosheath in a significant way
plasma pressure and decreased magnetic field magnitude d@or the stable solar wind conditions in their study. However, it
the IMF B,.. While in our study, we found no such depen- is still possible that those slow mode fronts can develop into
dence. Actually, we do not see such structure for both IMFlarge spatial structures, even shocks, during turbulent solar
B,=0 andB, #0. Using the ISM modeilSiscoe et al(2002 wind conditions. If this is the case, these slow mode front lo-
found a strong dependence of the PDL thickness on the IMFcations should be the points where we should check for such
clock angle. In our study, however, a different trend and mag-structures. And we predict a very strong dependence of the
nitude for such a dependence are obtained. The consistenci@scations of these structures on many solar wind conditions
between our results and the former results tend to verify aand the Earth dipole tilt.

certain understanding of some phenomena, while inconsis- There have been many important features of the PDL and
tencies show the difficulties in some, if not all, models. We the slow mode front omitted in this Study, induding the ex-
backup our simulation results by an earlier event study withtension of the PDL and the slow mode front in three dimen-
satisfactory consistency between model PDL results and insjons, as well as the dependence of the PDL and the slow
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mode front on many other solar wind conditions. We have etal.(2002. Again, the slow mode front shows a strong
only concentrated on some of the most direct aspects of the  dependence on the IMF clock angle.
PDL and the slow mode front dependence in this study. How-
ever, we have developed the most important techniques used®:
for such a study, which makes it easier for future studies to
better understand the PDL, and thus the coupling between
the solar wind and the magnetosphere.

The major conclusions of this study are listed below:

The Earth dipole tilt does not change the magnetosheath
geometry and the PDL along the Sun-Earth line in a sig-
nificant way. However, it can change the depletion fac-
tor significantly. The slow mode front also shows com-
plex geometry, which can easily extend to the GSE z=0
plane for a larger Earth dipole tilt.
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