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Abstract This paper presents a method for taking into account changes of solar wind parameters

in the foreshock using global MHD simulations. We simulate four events with very distant subsolar

magnetopause crossings that occurred during quasi-radial interplanetary magnetic field (IMF) intervals

lasting from one to several hours. Using previous statistical results, we suggest that the density and velocity

in the foreshock cavity decrease to ∼60% and ∼94% of the ambient solar wind values when the IMF cone

angle falls below 50∘. This diminishes the solar wind dynamic pressure to 53% and causes a corresponding

magnetospheric expansion. We change the upstream solar wind parameters in a global MHD model to take

these foreshock effects into account. We demonstrate that the modified model predicts magnetopause

distances during radial IMF intervals close to those observed by THEMIS. The strong total pressure decrease

in the data seems to be a local, rather than a global, phenomenon. Although the simulations with decreased

solar wind pressure generally reproduce the observed total pressure in the magnetosheath well, the total

pressure in the magnetosphere often agrees better with results for nonmodified boundary conditions.

The last result reveals a limitation of our method: we changed the boundary conditions along the whole

inflow boundary, although a more correct approach would be to vary parameters only in the foreshock.

A model with the suggested global modification of the boundary conditions better predicts the location

of part of the magnetopause behind the foreshock but may fail in predicting the rest of the magnetopause.

1. Introduction

The magnitude and orientation of the interplanetary magnetic field (IMF) as well as the solar wind velocity

are the most important factors controlling geomagnetic activity. Typical “educational” cases with steady

northward, southward, and eastward (westward) IMF orientations have been well studied using global mag-

netosphericmodels, and a relatively largenumber of observations for such solarwind conditions are available.

On the contrary, cases when the IMF direction points radially outward from the Sun (or toward the Sun)

and lies nearly aligned with the solar wind velocity occur rarely, and numerical simulations of such events

may encounter large difficulties both because kinetic effects become very important [Karimabadi et al., 2014;

Palmroth et al., 2015] and because a shift of the solar wind data from L 1 point to the bow shock nose is not

straightforward, as will be shown below.

Early satellite observations of the foreshock showed a diffuse population of hot solar wind ions energized

by Fermi acceleration outside the bow shock [e.g., Greenstadt et al., 1968; Asbridge et al., 1968]. This popula-

tion usually forms when the angle between the IMF direction and the shock normal is small. This foreshock

region generates compressional magnetosonic waves in the Pc 3–4 range (∼10–100 s) that also can be

observed in magnetospheric and ground data [Troitskaya et al., 1971; Paschmann et al., 1979; Engebretson

et al., 1987; Fairfield et al., 1990]. Fairfield et al. [1990] first suggested that an extended foreshockmay expedite

the solar wind flow around the magnetosphere and diminish the solar wind pressure applied to the subsolar

magnetopause. This suggestion was later confirmed in several radial IMF events [Merka et al., 2003; Jelínek

et al., 2010; Suvorova et al., 2010].

Merka et al. [2003] considered a long radial IMF interval on 5 May 1996 when the angle between the IMF and

solar wind velocity was only 15∘. In this interval, the subsolar magnetopause crossing was observed ∼2 RE
farther outward than predicted by the Shue et al. [1998] model, while themagnetosheath was unusually thin,

at most 10% of the magnetopause standoff distance. Jelínek et al. [2010] studied an event on 16 July 2007
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observed by five THEMIS probes in the dayside magnetosphere/magnetosheath, by Geotail in the flank

magnetosheath, and by ACE and Wind near L1 in the upstream solar wind. The THEMIS spacecraft were at

different radial distances from the Earth ranging approximately from 11 to 13 RE and observedmultiple mag-

netopause crossings, while neither ACE nor Wind observed significant variations in the solar wind dynamic

pressure or IMF Bz , but the IMF cone angle �BX (the angle between the IMF and the x GSE axis) observed

by ACE fell below 30∘. The IMF cone angle at Wind fell below 30∘ during the first half of the interval but

varied between 30∘ and 50∘ in the second half. Energy spectra and magnetic fields observed by THEMIS and

Geotail in themagnetosheath suggested that the spacecraftwere locateddownstream from thequasi-parallel

bow shock.

Suvorova et al. [2010] considered three radial events, and one of them was again the event on 16 July 2007.

They compared observed magnetopause crossings in this event with predictions of the Shue et al. [1998]

model and found that themodel underestimated themagnetopause distance by∼2 RE . Suvorova et al. [2010]

also showed that the ratio of total magnetosheath to solar wind pressure remains below 0.5; therefore, they

called such conditions a low-pressure magnetosheath (LPM) mode. Both Jelínek et al. [2010] and Suvorova

et al. [2010] noted that the large magnetopause displacement was connected with a significant distortion

of the magnetopause surface. Observations of large magnetopause distortions and anomalous sunward

magnetosheath flows in another radial event were presented by Shue et al. [2009].

Magnetopause expansion for nearly radial IMF was also demonstrated in a statistical study based on ≃6500

magnetopause crossings [Dušík et al., 2010] or on magnetic fields obtained from Geostationary Operational

Environmental Satellites (GOES) [Parketal., 2016]. Their results showeda systematic increaseof observedmag-

netopause distances for radial IMF conditions, from ≃0.3 RE at 90
∘ to ≃1.7 RE at 0

∘ or 180∘ cone angles with

respect to empirical models. Suvorova and Dmitriev [2015] inspected the ability of empirical magnetopause

models to predict the magnetospheric expansion and found that only 4 out of 14 models, namely, Pudovkin

et al. [1998], Kuznetsov and Suvorova [1998], Suvorova et al. [1999], and Lin et al. [2010], could predict mag-

netopause positions for extremely low pressures and, hence, can be useful for quantitative estimation of the

magnetospheric expansion under quasi-radial IMF orientation.

Samsonov et al. [2012] suggested an explanation for the observed magnetopause expansion and the LPM

mode initiation. First, they showed that the total pressure varies across the magnetosheath and these varia-

tions depend on the IMF orientation. In the purely hydrodynamic (with B= 0) and radial IMF cases, the total

pressure decreases from the bow shock to themagnetopause by∼12%, while amagnetic barrier that formed

ahead of the magnetopause in the northward IMF case increases the total pressure, and therefore, the pres-

sure at the subsolar point differs only slightly from the solar wind pressure. Second, Samsonov et al. [2012]

found that the difference between the radial and northward cases becomes larger in the anisotropic MHD

simulation than in the isotropic one. Thus, the anisotropic MHD model can explain a total pressure decrease

through the magnetosheath to ∼76%. Samsonov et al. [2012] also noted that observed positions of the mag-

netopause in radial events are not stationary, and therefore, the magnetopause may be farther or closer to

the Earth due to the oscillations.

However, the MHD simulations of Samsonov et al. [2012] do not take into account the foreshock effect.

Reflected solar wind ions in the foreshock region can decrease the solar wind density and velocity near

the quasi-parallel bow shock. Moreover, this effect has been quantified in observations [Sibeck et al., 2001].

Statistical results fromCluster [Billinghametal., 2008] show that thedensity in foreshock cavities is on the aver-

age only 60% of surrounding solar wind density. The solar wind velocity in the foreshock also decreases, but

these changes, according to their estimations, do not exceed several percent. The largest velocity decrease

reaches 22 km/s [Cao et al., 2009] or 94% of surrounding values [Urbar et al., 2013]. The situation may be

more complicated when foreshock bubbles form [e.g.,Omidi et al., 2010; Turner et al., 2013; Archer et al., 2015].

Thebubbles are transient phenomena resulting from the interactionof suprathermal backstreaming ionswith

a discontinuity and have sizes up to ≃10 RE or more. However, we do not consider inhomogeneities in the

foreshock cavity in our method described below.

The purpose of our paper is to reproduce magnetospheric expansions during several long-lasting radial IMF

events with a numerical MHD model by modifying solar wind boundary conditions. Since MHD models do

not account for foreshock kinetic effects, we use the statistical results obtained by Billinghamet al. [2008], Cao

et al. [2009], andUrbar et al. [2013] showing the density and velocity decreases in the foreshock cavity. Wewill
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check that (1) themodel is able to predict observedmagnetopause crossings and (2) the total pressure in the

magnetosheath obtained in simulations agrees with observations.

We have first reproduced the event on 16 July 2007 studied before by Jelínek et al. [2010] and Suvorova et al.

[2010], because this is a long radial IMF interval in which the position of the subsolar magnetopause was well

determinedby the five THEMIS spacecraft, while the upstream solarwind conditionswere obtained fromboth

ACE andWind. Note also that the geomagnetic activity was low in this case; therefore, we do not expect inner

magnetospheric processes to influence the magnetopause position. Second, in order to verify our approach,

we have extended our study and simulated three more events. Since the method is based on the reduc-

tion of the upstream pressure, we have chosen events differing by this pressure. The range is not too broad

(0.6–1.3 nPa), and it is shifted toward values lower than an expected average value in accord with the finding

that the average solar wind dynamic pressure is weaker during intervals of radial IMF [Pi et al., 2014]. Skipping

small-scale variations, we conclude that our method generally reproduces magnetospheric expansions and

total pressure reductions in the dayside magnetosheath during radial IMF intervals.

2. Data Sets and MHDModel

We use both ACE and Wind solar wind monitors to determine input conditions for MHD simulations.

In particular, we use data from the Magnetic Field Instrument (MAG) [Smith et al., 1998] and Solar Wind Elec-

tron ProtonAlphaMonitor (SWEPAM) [McComaset al., 1998] onACE and from theMagnetic Field Investigation

(MFI) [Lepping et al., 1995] and Solar Wind Experiment (SWE) [Ogilvie et al., 1995] on Wind.

We use THEMISmagnetic field data from the Flux GateMagnetometer (FGM) [Auster et al., 2008], and ion den-

sity and velocities from the Electrostatic Analyzer (ESA) [McFadden et al., 2008]. For the event on 16 July 2007,

we also use the Comprehensive Plasma Instrument (CPI) [Frank et al., 1994] and Magnetic Field Instrument

(MGF) [Kokubun et al., 1994] on Geotail, and the Fluxgate magnetometer data (MAG) on GOES 11.

For the simulationsbelow,weuse theSpaceWeatherModelingFramework (SWMF)globalMHDmodel (former

BATS-R-US) [Tóth et al., 2005, 2012] available through Community Coordinated Modeling Center (CCMC)

runs on request. Note that other global MHD models whose results can be obtained through CCMC runs

(LFM, OpenGGCM) predict even smaller subsolar magnetopause distances (as noted by Samsonov et al.

[2016]). MHD models coupled with inner magnetosphere codes (e.g., BATS-R-US with CRCM) predict a

slightly largermagnetopause distance, but the difference inmagnetopause position between BATS-R-US and

BATS-R-US coupled with RCM/CRCM is about one order smaller than the difference resulting from modifi-

cation of boundary conditions as explained below. In our runs, we have used grids with a typical spatial

resolutionnear thedaysidemagnetopause of 0.25 RE . For the event on16 July 2007,wehave compared results

of a standard BATS-R-US runwith a high-resolution run (0.125 RE in the daysidemagnetosphere) andwith two

other standard resolution runs but using BATS-R-US coupled with RCM and CRCM. Neither BATS-R-US with

RCM/CRCMnor BATS-R-USwith thehigher-resolutiongrid improves thenumerical predictions for comparison

with observations. Themagnetopause position in the simulations was determined as the boundary of closed

field lines, and it approximately coincideswithmaxima of the density gradient and electric currentmagnitude

in the dayside region.

3. Observational Facts for Event on 16 July 2007

We consider the interval from 19:00 to 21:00 UT on 16 July 2007. Note that some of the observational facts

important for our study were previously mentioned by Jelínek et al. [2010] and Suvorova et al. [2010]. Figure 1

shows the positions of THEMIS, Geotail, and GOES 11 projected onto the z = −3 RE GSM plane (THEMIS and

GOES 11 were close to this plane). The THEMIS probes moved away from the Earth. THEMIS B (THB) is the

outermost of the five THEMIS probes, and THEMIS A (THA) is the innermost. In addition to the previously

published THEMIS and Geotail data, we also use GOES 11 data from nearly the same MLT sector.

Figures 2a–2d show the density andmagnetic field observed by THEMIS A, B, and C. THBwas in themagneto-

sphere before 19:00, entered into themagnetosheath for 5min from 19:11 to 19:16 UT, then returned into the

magnetosphere for 4min, and at 19:20 moved into the magnetosheath again (magnetopause crossings are

shown by vertical dashed lines in Figures 2a–2d). These and subsequent magnetopause crossings in obser-

vations were determined from both density andmagnetic field variations; in particular the density was larger

than 1 cm−3, and Bz was negative or close to 0 in the magnetosheath.

SAMSONOV ET AL. MAGNETOPAUSE FOR RADIAL IMF 3112



Journal of Geophysical Research: Space Physics 10.1002/2016JA023301

Figure 1. THB (blue), THC (green), and THA (red) positions
in the subsolar magnetosheath/magnetopause region, GOES
11 (black) in the magnetosphere, and Geotail (orange) in
the dusk magnetosheath projected on the z = −3 RE GSM
plane at 20:00 and 20:30 UT on 16 July 2007. The model
magnetopause [Shue et al., 1998] and bow shock
[Formisano, 1979] are shown for reference.

THB stayed in the magnetosheath until 19:58 UT.

Then it observed a series of magnetopause cross-

ings at 19:58, 20:11, 20:14, 20:21, 20:25, and

20:33UT. Surprisingly, a fewminutes later, at 20:37

and 20:39, THB registered a double bow shock

crossing. This shows that the magnetosheath was

about 70% thinner than usual, as discussed by

Jelínek et al. [2010]. This is apparently a non-

stationary feature related to fast magnetopause

compression and earthward bow shock motion

when the IMF becomes nonradial according to

Wind data. After that, THB stayed in the magne-

tosheath.

As noted by Suvorova et al. [2010], the magneto-

pause positions were unusually distant between

19:58 and 20:33 UT. In this interval, the other

THEMIS (THD, THC, and THE) spacecraft also

moved from the magnetosheath to the mag-

netosphere as a consequence of magnetopause

expansion, but THB observed the greatest mag-

netopause distance and we would like to repro-

duce it by a relevant model.

Figures 2e and 2f compare the IMF cone angles

�BX observed by ACE and Wind with the mag-

netosheath (and magnetosphere) cone angles

observed by THB, THC, and Geotail. The cone

angle varies from 0∘ to 90∘. The time lag to the

subsolar magnetopause is 50 min for ACE and 53 min for Wind; the time lag between THEMIS and Geotail is

10min. The time laghasbeendetermined from thedistancebetween spacecraft using averageflowvelocities.

The time lag in the simulations below varies slightly with the solar wind velocity. Figure 2 shows that the cone

angle decreases (i.e., the IMFbecomesmore radial) at nearly the same time in time-laggedACE andWinddata,

at∼19:26 UT. The cone angle increases at the end of the interval, shortly before 21:00 UT. However, Wind also

observed an increase in the cone angle between 20:34 and 20:44 UT which was not observed by ACE. In this

as well as in other events, ACE and Wind data differ in some details, particulary in cone angle variations, and

therefore, we will use both ACE andWind input conditions in the simulations below and compare the results.

As mentioned above, THB and THC were in the magnetosphere at 19:00 UT and crossed the magnetopause

several times in the next 2 h interval. At the same time, Geotail stayed in the magnetosheath, except for a

short magnetospheric passage between 20:40 and 20:42 UT. The time intervals of the THB magnetospheric

passages are marked by shadow bars in Figure 2f. The cone angles from THB (THC) and other spacecraft can

be consistent with each other only at those times when THB (THC) was in the magnetosheath.

Figures 2e and 2f show that the cone angles observed by both Geotail and THEMIS differ significantly from

those in the solar wind data. Even more, the cone angles from Geotail and THEMIS (when the THEMIS space-

craft were in the magnetosheath) correlate poorly with each other. Only the THB and THC data correlate well

most of the time because the distance between THB and THC does not exceed 4200 km in this interval.

The weak correlation between IMF orientations in the solar wind and magnetosheath is typical for radial

IMF conditions. It is related both to foreshock fluctuations which modify the upstream magnetic field and

to the magnetosheath flow diversion. Draping effects align magnetic field lines in the magnetosheath along

the magnetopause; therefore, the cone angle near the subsolar point approaches 90∘. Moreover, the corre-

lation length in the solar wind transverse to the Sun-Earth line is smaller for radial IMF than for IMF directed

perpendicular to the Sun-Earth line [e.g., Crooker et al., 1982].

Figure3 shows the solarwinddynamicpressure fromACEandWind, and themagnetosheath (magnetosphere)

total pressure (including the dynamic pressure) from THB, THC, and Geotail. There is a data gap in the ion
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Figure 2. (a) Density and (b–d) magnetic field components observed by THA, THB, and THC for the event on 16 July
2007. Vertical dashed lines mark magnetopause crossings observed by THB; two vertical solid lines at 20:37 and
20:39 UT mark a THB double bow shock crossing. (e) The time-lagged IMF cone angles from Wind and ACE; (f ) the
cone angles from THB (blue), THC (green), and Geotail (orange). Horizontal dashed lines point out the �BX = 50∘

(the solar wind conditions in numerical modeling are modified for �BX < 50∘). Vertical dashed lines (Figure 2e) mark
the quasi-radial interval (between 19:30 and 20:34 UT) in Wind data. Time intervals of THB magnetosphere passages
(Figure 2f ) are indicated by shadow bars.

velocity from THEMIS after 20:27 UT; therefore, we also show the sum of magnetic and thermal pressures

which nearly coincides with the total pressure 95% of the time near the magnetopause.

At the beginning and end of the interval, at 19:00 and 21:00 UT, the solar wind pressure (ACE and Wind), the

total pressure near the subsolar magnetopause (THEMIS at 19:00), and the total pressure in the flank mag-

netosheath (Geotail) are nearly equal at 1 nPa. This shows the agreement between the measurements from
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Figure 3. (top) The measured solar wind dynamic pressure from
Wind (black, solid) and ACE (violet, solid), and the modified solar
wind pressure reduced to 53% in the foreshock region as explained
in section 3 (dashed lines). (bottom) The total pressure (the sum of
magnetic, thermal, and dynamic pressures) from THB (blue), THC
(green), and Geotail (orange). Dashed blue (green) lines show the
sum of magnetic and thermal pressures from THB (THC). Time intervals
of THB magnetosphere passages are indicated by shadow bars.

the four probes outside the radial IMF

interval. TheWind and ACE dynamic pres-

sures are on average about 1.16 nPa dur-

ing the radial IMF interval, although both

pressures exhibit significant changes. The

Wind pressure is higher in the first half

(until ∼20:07) of the radial interval, while

the ACE pressure is higher in the second

half of the interval.

The THB total pressure is highly variable

but tends to decrease until 19:55 UT.

Duringmultiple magnetopause crossings

between 19:58 and 20:33 UT, the average

THB pressure is ∼0.59 nPa, i.e., about half

the average solar wind pressure. THC,

closer to the Earth, registers higher total

pressures than THB during almost the

whole interval. In general, the curve for

the THC pressure tracks that for the THB

pressure variations, but occasionally the

difference between the pressures exceeds

0.4 nPa, e.g., at 19:55 UT. We expect that

the magnetopause position can be very

variable in such conditions.

Interestingly, the Geotail total pressure

does not follow the decrease in THB pres-

sure. Although the Geotail pressure is also highly variable, the average pressure in the 2 h interval is 1.06 nPa,

i.e.,∼91%of the average solar wind pressure. This small decrease of the total pressure in the magnetosheath

can be explained without taking into account the foreshock effect [Samsonov et al., 2012].

Magnetic fieldmeasurements fromGOES 11 in the daysidemagnetosphere complete the observations of this

event. GOES 11was slightly dawnward from noon and below the equatorial plane like the five THEMIS probes

(see Figure 1); therefore, GOES 11 should not miss the large magnetopause oscillations observed by THEMIS.

Indeed, Figure 4 shows that GOES 11 observed a relatively small decrease in Bz at 19:30when the time-lagged

IMF becomes radial, while an increase in Bz at 20:34 indicates the end of the radial IMF interval according to

the Wind data. Figure 4 also displays the results of global MHD simulations along GOES 11 trajectory in runs

2 and 3 (discussed below).

Let us emphasize some observational facts important for interpretation of the numerical results in the

next section.

1. Both ACE and Wind observe quasi-radial IMF orientations nearly at the same time; however, there are a

few important differences between the observations from both solar wind monitors, e.g., in the dynamic

pressure and IMF cone angle variations. Below we compare the numerical results with both the ACE and

Wind input conditions and find that the observedmagnetopause crossings are better reproducedusing the

Wind data. We suppose that the strong magnetospheric compression manifested by the THB double bow

shock crossing at 20:37 and 20:39 UT, the THA magnetopause crossings between 20:36 and 20:42 UT, and

the GOES 11 Bz increase between 20:34 and 20:40 UT results from the transition from radial to nonradial

IMF observed by Wind at 20:34 UT (in time-lagged data), while ACE detects the same transition only at

20:54 UT. This is also confirmed by Jelínek et al. [2010] who noted a dropout of energetic ions in THEMIS data

at∼20:36 UT suggesting that the upstreambow shock changed fromquasi-parallel to quasi-perpendicular.

Note that Wind is located farther from the Sun-Earth line and the difference between the ACE and Wind

positions lies mainly in the y direction. The reason why Wind input conditions are better remains unclear.

However, we can suggest the following explanation. The Wind position in GSE coordinates at 19:00 UT is

(254, −67, 17) RE , and the velocity measured by 3DP-PM on board Wind at this time is (−454, 34, 4) km/s.

This means that the angle between the velocity vector and the Sun-Earth line in the equatorial GSE plane

SAMSONOV ET AL. MAGNETOPAUSE FOR RADIAL IMF 3115
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Figure 4. Magnetic field observed by GOES 11 (black) and obtained by the MHD simulation in runs 2 (green) and
3 (red). We add constant values to the simulated By (+5 nT) and Bz (+10 nT) components in order to get a better
correspondence in the initial conditions. Vertical lines mark the radial IMF interval as observed by Wind (the same
as in Figure 2d).

is 4.3∘, and the angle between the Wind position and the Sun-Earth line is 14.8∘. Although this does not

prove that the simulations with Wind input conditions will give better results, it does demonstrate that the

solar wind flow is not directed along the Sun-Earth line. The finite positive Vy measured by the 3DP-PM

monitor shows that conditions at thenoseof themagnetopausewill bedeterminedby solarwind structures

coming from a location in between ACE andWind (our estimation is at y=−19 RE). Comparison of ACE and

Wind observations shows a very disturbed IMF, and thus it is not surprising that none of these upstream

monitors could be used for an exact estimation of IMF orientation just in front of the bow shock.

2. The 50% total pressure decrease in the magnetosheath observed by THEMIS is a local, rather than a

global, feature because the total pressure from Geotail (at y = 15 RE) is only slightly smaller than the solar

wind dynamic pressure. GOES 11 at geosynchronous orbit in the daysidemagnetosphere alsomay observe

weaker changesof themagnetic field thanexpected fromthepressure variations at THEMIS (see comparison

with numerical results in next section).

4. Comparison Between Numerical Simulations and Spacecraft Observations
4.1. Event on 16 July 2007 (Solar Wind Dynamic Pressure∼1.3 nPa)

In this event, wehavemade several simulation runs usingdifferent solarwindboundary conditions andbelow

present only three of them for ACE and Wind. In run 1, we have used the initial Wind (or ACE) data with a

time lag for solar wind propagation to the model inflow boundary. In run 2, we have changed the solar wind

parameters during intervals when the cone angle �BX < 50∘. These changes include a density decrease to

60%, a VX velocity decrease to 94%, and a temperature increase to 200%. This agrees with statistical results
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Figure 5. Magnetopause radial distance approximately along the line between the Earth and THEMIS in runs 1
(dark blue), 2 (green), and 3 (red) for the event on 16 July 2007 using (left) Wind and (right) ACE input solar wind
conditions, and the radial distances to THA, THB, and THC. The upper bars mark the intervals when THB (blue) and
THC (green) were in the magnetosphere. The black upper bar indicates the THB double bow shock crossing.

[Billinghamet al., 2008; Cao et al., 2009;Urbar et al., 2013]. Thus, the solar wind dynamic pressure is reduced by

53%during such intervals.We also have tried to reduce the IMF By and Bz to 60% in agreementwith Billingham

et al. [2008], but these changes have negligible effects on the results.

In run 3 (discussed in detail below), we have made the same changes as in run 2, but the transition from

nonmodified to modified plasma parameters is extended over 10min. We have simulated runs 1–3 using

both Wind and ACE input conditions; accordingly, we present in total the results of six runs below.

We use the high threshold of �BX =50∘ to exclude abrupt changes between modified and nonmodified solar

wind parameters because theWind �BX is highly variable and briefly exceeds 40–50
∘ during the radial interval

19:30–20:34 UT.We have tried smaller thresholds for �BX and got negligible changes in the solution. Although

the resolution of Wind data is 3 s, we use 1min averages when determining �BX . In Figure 3, the artificially

reduced solar wind pressures from ACE and Wind are shown by dashed lines.

The main purpose of the simulations is to reproduce the unusual magnetospheric expansion after 19:50 UT.

Figure 5 shows the variations of the predicted magnetopause distance along the line between the Earth and

the THEMIS spacecraft in runs 1, 2, and 3 (explained below). We also trace the radial distance to the THEMIS

spacecraft by dashed lines. A spacecraft stays in themodel magnetosphere if its radial distance lies below the

magnetopause position and in themagnetosheath otherwise. For comparison, two upper color barsmark the

intervalswhenTHB (blue) and THC (green)were in themagnetosphere according to theobservations. Figure 5

(left and right) corresponds to the simulationswithWind andACE solar wind conditions. Belowwediscuss the

runs with the Wind input conditions which, in our opinion, better reproduce the observed magnetospheric

expansion.

In run 1, the artificial THB stays in the magnetosheath throughout the whole 2 h interval, and THC remains in

the magnetosphere only until 19:20 UT and then moves into the magnetosheath, too. Thus, the model fails

to predict the observed magnetopause crossings after 19:50 UT.

The decreases of the density and VX in run 2 obviously result in an outward magnetopause displacement.

Themagnetopause position shifts outward by∼1.3 RE on average. In this case, the artificial THC returns to the

magnetosphere at 19:36 and remains there until 20:39 UT. Thus, the modified simulation overestimates the

magnetopause distance, because the real THC was in the magnetosphere only between 19:52 and 20:34 UT.

Similarly, the artificial THB stays in themagnetosphere longer than the real one. There are somediscrepancies,

e.g., between 20:01 and 20:15 UT when the artificial THB is in the magnetosheath, while the real THB is

in the magnetosphere until 20:11 UT, and then in the magnetosheath until 20:15 UT, again crossing the

magnetopause exactly at the same time as predicted by the model.

Using simple time-lagged solarwind data, we estimate that the IMF observedboth byACE andWindbecomes

quasi-radial at the subsolar magnetopause at ∼19:30 UT, while the THEMIS spacecraft observe the series

of magnetopause crossings related to the radial IMF only from ∼19:51 UT. We attempted to determine the

orientation of the directional discontinuity at ∼18:32 UT in Wind (non-time-lagged) data, and our analysis

shows that the normal to this discontinuity lay nearly in the z direction with only a small x component, while

VZ ≃ 0. It is difficult todeterminewhen this discontinuity reached the subsolar point. It is possible that the time
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lag for this discontinuity is about 75min, which would give an arrival time at the subsolar point of ∼19:47 UT

in rather good agreement with the THEMIS observations. However, we cannot take into account this factor in

themodel because this estimation is not precise and the time lagmay change significantly during the interval.

We suggest another possible explanation for the time delay. Suppose the radial turning of the IMF reaches

the subsolar bow shock at ∼19:30 UT but the changes of the solar wind density and velocity in the foreshock

develop very gradually (linearly varying from the beginning to final values).We verify this assumption in run 3.

In this run, the density, VX , and temperature vary in the samemanner as in run 2, but the transformation from

the nonradial to radial state broadens to last 10min. Results from run 3 in Figure 5 significantly differ from the

results of run 2 only between 19:35 and 19:46 UT giving about a 10min delay of the outward magnetopause

motion. The numerical results still differ from the observations because THB observed the magnetopause

crossing only at 19:58 UT; however, the prediction of the last run approaches closer to the observations.

A third alternative explanation of the time delay may be obtained by comparing GOES 11 data with the sim-

ulation results in Figure 4. The magnitude of the Bz increase at 20:34 UT in GOES 11 data coincides well with

the model predictions in runs 2 and 3. But the observed decrease in Bz at 19:30 UT is only 2 nT, while the

model predicts a decrease by 5 nT at 19:35 UT (in run 2) when the pressure reduction is applied. However,

the second observed Bz decrease by ∼2 nT occurs between 19:54 and 20:06 UT. Therefore, we surmise that

the cone angle, and correspondingly the total pressure upstream from the subsolar bow shock, changes in

two steps which correspond to the two Bz decreases. This assumption does not contradict the sequence of

magnetopause crossings observed by THEMIS between 19:51 and 20:34 UT.

The THEMIS observations actually agree with this idea of several steps decrease of the total pressure in the

magnetosheath. Figure 6 compares the total pressure observed by THEMIS (also shown in Figure 3 above)

with simulation results from runs 1–3. The total pressure in run 1 significantly exceeds the pressure observed

by THB during the radial IMF interval. After the magnetopause crossing at 19:20 UT, the THB pressure initially

drops at 19:28 UT, i.e., even before the predicted pressure decrease at ∼19:35 UT. However, the decrease of

the observed THB pressure is followed by an increase from 19:30 to 19:36, then a second decrease from 19:36

to 19:41 UT, and a third decrease at ∼19:55 UT. It seems that the last moderately small pressure decrease also

observed in theWind input data and theMHD simulations is related to outwardmagnetopausemotion at THB

(19:58 UT). The THB and THC total pressures abruptly increase at these magnetopause crossings (at 19:52 UT

in THC data) indicating that the magnetopause is not in pressure balance. Inside the magnetosphere, the

observed pressure is usually higher than the simulated one (in runs 2 and 3) but also shows some variations

which are not predictable from upstream solar wind conditions and seem to be local spatial structures.

There is a data gap in the THEMIS velocity measurements after 20:27 UT, but the magnetic and ther-

mal pressures are still available, and we calculate their sum. The contribution of the dynamic pressure to

the total pressure near the subsolar magnetopause is usually negligible. The fast inward magnetopause

motion at 20:33 (THB) and 20:34 UT (THC) is followed by a sharp pressure increase observed in the magne-

tosheath at ∼20:34 UT by both THB and THC and then even by the double bow shock crossings in THB data

(20:37–20:39 UT). These impressive changes result solely from variations of the IMF cone angle because of

which the bow shock is transformed from quasi-parallel to quasi-perpendicular near noon.

Checking our assumption about the density decrease during the radial IMF interval, we have compared the

simulated and observed density profiles along the THB and THC trajectory (not shown). Both THB and THC

were in the magnetosheath between 19:40 and 19:50 UT. The average density in this interval observed by

THB is only 70% of the simulated one in run 1 (without density changes); the average observed density from

THC is 76% of the simulated one, while between 19:30 and 19:35 the observed and simulated densities nearly

coincide. The simulated density in runs 2 and 3 is less than that observed during this time interval because

the artificial spacecraft are in the magnetosphere. This strongly indicates that the pristine solar wind density

observed byWindwas larger than that affecting the bow shock and should be decreased (at least to 70–76%)

for better agreement with the THEMIS data in the magnetosheath. Moreover, the decrease of density from

THB at 19:40may indicate the timewhen the foreshock structurewith reduced dynamic pressurewas formed.

4.2. Event on 22 July 2007 (Solar Wind Dynamic Pressure 1.1 nPa)

In this and the two following events, THEMIS was also located in the subsolar region and observed distant

magnetopause crossings and weaker total pressure than the upstream solar wind monitors. We have calcu-

lated the angle between the radius vector to THEMIS position and the IMF vector (using corresponding solar
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Figure 6. Total (magnetic, thermal, and dynamic) pressures from THEMIS (black), in runs 1 (dark blue), 2 (green), and 3
(red) for the event on 16 July 2007. Dashed black line shows the sum of magnetic and thermal pressures in THEMIS data.
Shading indicates THEMIS magnetospheric intervals.

wind monitor) and found average values of these angles in every event. According to our rough estimations,

the average angles were between 11∘ and 55∘. Thus, THEMIS was mainly downstream of the quasi-parallel

bow shock but occasionally downstream of the oblique shock. However, the IMF cone angle was below 45∘

during most of the time.

On22 July 2007, theACE andWindobserved that cone angles �BX generally remainedbelow50∘ but exceeded

the threshold during several 1–10min intervals. The average �BX was ∼40∘ between 12 and 17 UT. Although

the cone angle was not very small, THEMIS observed multiple magnetopause crossings after 14:21 UT at

radial distance RMP≥13 RE , i.e., larger than MHD or empirical models predict for the given solar wind pressure

(∼ 0.9 nPa). We have simulated the magnetosphere with both the original and modified solar wind condi-

tions obtained from both the ACE and Wind monitors. As in the previous case, the observed magnetopause

crossings are better reproduced using Wind observations. Figure 7 compares the predicted magnetopause

distance for run1 (originalWinddata) and run2 (modifiedWinddata)withobservedmagnetopause crossings.

The model cannot reproduce the distant magnetopause crossings without modification of the input condi-

tions. But the reduction of solar wind density to 60% and Vx to 94% of the original data for �BX <50∘ (the same

as in the first case) allows us to predict the first magnetopause crossings nearly at the same time as those

observed by THB and THD.
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Figure 7. Magnetopause radial distance for the event on 22 July 2007. The format is the same as in Figure 5.

Figure 8. (a) IMF cone angle from the solar wind monitor whose data have been used for boundary conditions
(see explanations in text). (b and c) Total pressure in THEMIS data (black line) and simulation runs 1 (dark blue) and
2 (green) for the event on 22 July 2007. Shading indicates THEMIS magnetospheric intervals.
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Figure 9. Magnetopause radial distance for the event on 13 July 2007. The format is the same as in Figure 5.

As mentioned above, the cone angle �BX at Wind exceeds the 50∘ threshold several times during the interval.

As a result, the modified solar wind dynamic pressure in run 2 abruptly increases and decreases several times

resulting in inward and outward magnetopause motion predicted in the simulation. We believe that the

multiple magnetopause crossings observed by THEMIS result from local variations in the foreshock and are

not related to solar wind parameters at L1; therefore, we do not expect that simulated and observed mag-

netopause crossings will correlate well during the radial IMF interval. The input �BX and correspondingly

modified dynamic pressure abruptly increase at∼17:20UT causing themagnetospheric compression in run 2,

and the results of both runs coincide at the end of the interval. THEMIS was approaching the Earth at a

radial distance of ∼12 RE at this time, and the simulation results for the original solar wind conditions (run 1)

reasonably well reproduce the observed magnetopause positions.

Figure 8 compares the total pressure in runs 1 and 2with the THEMIS data. The simulated total pressure in run

2 varies greatly in response to variations of �BX . The observed total pressure lies close to the lower threshold

of the simulated pressure until ∼16 UT but also exhibits large variations. After 16 UT, the THEMIS spacecraft

remain mostly in the magnetosphere and the observed total pressure lies between those predicted by runs

1 and 2.

4.3. Event on 13 July 2007 (Solar Wind Dynamic Pressure 0.8 nPa)

THEMIS observedmultiplemagnetopause crossings throughout thewhole 12 h interval on 13 July 2007when

�BX at Wind varied around 40∘, while �BX at ACE remained mainly between 10∘ and 20∘. Figure 9 shows pre-

dicted and observed magnetopause positions for this event. We use Wind input conditions because in that

case the simulations match THEMIS observations slightly better. The THEMIS spacecraft reached apogees

between 06 and 08 UT at R≃14.7 RE . Wind observed the solar wind pressures that varied between 0.4 and

0.9 nPa,which is lower thannormal but still not small enough to explain suchdistantmagnetopause crossings.

The MHDmodel with the observed solar wind pressure (run 1) predicts only a few THAmagnetopause cross-

ings during the first hour of the interval. The magnetopause distance RMP in run 2 (with decreased solar

wind pressure) roughly follows the THA trajectory in particularly increasing from 02 to 06 UT. However, the

predicted RMP is still slightly underestimated because the artificial THB stays longer in the magnetosheath

than the real spacecraft. Since the radial distance between THA and THB sometimes exceeds 1 RE , while both

spacecraft observe almost simultaneous magnetopause crossings, we conclude that the amplitude of the

magnetopause oscillations is large.

Figure 10 shows the simulated and observed total pressure for this event. During the first half of the interval,

the total pressure in run 2 lies close to the THEMIS observations. During the secondhalf, the observedpressure

is sometimes higher than the simulated one, but the difference is smaller for THA which is the outermost

spacecraft at this time. In general, the observations confirm our assumption about the pressure correction in

this case.

4.4. Event on 4 August 2007 (Solar Wind Dynamic Pressure 0.6 nPa)

For simulations of the 18 h interval on 4 August, we have used ACE solar wind observations. The angle �BX at

ACE lies below 20∘ most of the time from 02 to 12 UT and then increases to remain mostly above 45∘ after

15 UT. Figure 11 shows the magnetopause positions. The challenge in this case is to predict magnetopause

crossingsnear apogee, between09and12UT.And the simulationwithmodified input conditionsdoespredict

RMP ≃ 14.7 RE close to the THEMIS trajectories. After 13 UT, the THEMIS spacecraft moved toward the Earth,

while �BX increased. The run 2 simulation overestimates the magnetopause distance at this time; however, it

SAMSONOV ET AL. MAGNETOPAUSE FOR RADIAL IMF 3121



Journal of Geophysical Research: Space Physics 10.1002/2016JA023301

Figure 10. IMF cone angle from Wind and total pressure in THEMIS data and simulations for the event on 13 July 2007.
The format is the same as in Figure 8.

is possible that the bow shock already became quasi-perpendicular because �BX was greater than 45
∘ atWind

between 12 and 16 UT.

Figure 12 shows the total pressure. Although all the THEMIS spacecraft were rather deep in the magneto-

sphere at the beginning, THB observed short magnetosheath passages at 02:39, 04:08, 04:31, and 05:24 UT.

The IMF �BX was already small; therefore, large-amplitude magnetopause oscillations (related also to the

Figure 11. Magnetopause radial distance for the event on 4 August 2007. The format is the same as in Figure 5.
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Figure 12. IMF cone angle from ACE (used as a solar wind monitor in this case) and total pressure in THEMIS data and
simulations for the event on 4 August 2007. The format is the same as in Figure 8.

observed pressure variations at THA and THB) may occur. Although the run 1 simulation does not predict the

magnetopause crossings well (see Figure 11), the total pressure at THA (and, to a lesser degree, the pressure

from THB farther out) is better reproduced by run 1 than by run 2 from 00 to 05 (THB) and to 07 (THA) UT.

Thus, the pressure decrease initiated in the foreshock changes the average pressure in the magnetosheath

but may not influence the average pressure in the magnetosphere very much. However, pressure variations

(compressional waves) can easily penetrate into the magnetosphere, as is evident at the beginning of this

event (see large variations of the total pressure from THA and THB between 02 and 05 UT in Figure 12). The

observed total pressure is close to the simulated one in run 2 between 08 and 15 UT for THB and between 10

and 15 UT for THA. The total pressure increases at the end of the interval with increase of �BX .

5. Conclusions

In this paper, we suggested a method for incorporating kinetic foreshock effects into a global MHD model

by modifying the solar wind boundary conditions. We selected four events observed by THEMIS in 2007

that were characterized by large magnetospheric expansions during which the IMF cone angle �BX remained

small. We simulated these events with the SWMF (former BATS-R-US) global isotropic MHD model. We

took into account results from statistical analysis that provided quantitative estimations of the density and

velocity reductions in the foreshock upstream of the bow shock [Billingham et al., 2008; Cao et al., 2009;
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Urbar et al., 2013]. Besides, Caoet al. [2009] noted thermalization of solar wind ions.We artificially changed the
solar wind boundary conditions in the numerical model for the intervals when the IMF cone angle decreased
below 50∘. In particular, we decreased the density by 40% and the velocity by 6% and increased the tempera-
ture by 100%, thereby reducing the solar wind dynamic pressure upstream from the bow shock to 53% of the
observed dynamic pressure near L1.

We find that the global MHDmodel with these changes in the solar wind conditions predictsmagnetospheric
expansionswith nearly the samemagnitude as those observed by the THEMIS spacecraft. Themagnetopause
position shifts on average by 1.3–1.5 RE outward during these events. This agrees well with the statistical
results ofDušík et al. [2010]whoobtained the difference inmagnetopause positions for �BX =0∘ and 180∘ from
�BX ≃ 90∘ at ∼1.4 RE . On the contrary, simulations with unmodified solar wind conditions do not predict the
magnetospheric expansion in response to the �BX decrease and therefore cannot reproduce the observed
magnetopause crossings.

We compared the simulated andobserved total pressures in themagnetosheath andmagnetosphere.Most of
the time, the total pressure in the runswithmodified solar wind conditions agreed betterwith observations in
the magnetosheath. However, the total pressure at THEMIS occasionally (and mostly in the magnetosphere)
came close to the numerical results with original (unchanged) input conditions.

Predicting the magnetopause response during radial IMF intervals can be difficult because solar wind mon-
itors near L1 may observe local structures which do not affect the magnetosphere or miss some structures
which dopass through the subsolar region. Furthermore, evenwith perfect solarwind observations andmag-
netospheric models it will not be possible to predict every magnetopause crossing because large pressure
oscillations appear stochastically in the foreshock.

We realize that the pressure decrease in the foreshock is a large-scale but spatially localized structure, with
a typical size of up to tens of Earth radii as shown by Omidi et al. [2010], while we have changed the MHD
boundary conditions globally through the whole inflow solar wind boundary. Therefore, themethodwe sug-
gest is not perfect and allows us to reproduce correctly only the portion of the magnetopause behind the
foreshock, and not even all of that, since prolongedmagnetic connection to the bow shock is required to gen-
erate the depressed dynamic pressures that allow themagnetopause tomove outward. The actual size of the
expanded area will depend on the IMF orientation. It could be a large part of the dayside region for a radial
IMF or just dawnside for a spiral IMF. For example, in the event on 16 July 2007, Geotail at y = 15 RE (still on
the dayside) did not observe the pressure decrease as THEMIS did in the subsolar magnetosheath.

Possibly a more correct approach would be to change the boundary conditions locally in the foreshock while
keeping unchanged solar wind parameters throughout the remainder of the solar wind boundary, but this
would require significant modifications to existing numerical codes. Alternatively, our method could be con-
firmed by statistical analysis of a large number of magnetopause crossings. However, such study is very
difficult because results also depend on the y and z components of the solar wind flow velocity. These com-
ponents often result from Alfvenic waves that propagate in the solar wind frame, making the precise timing
of distant monitors difficult.

We decreased the solar wind dynamic pressure for small �BX intervals mainly by reducing the density and
assuming only small changes of the Vx . However, variations of the plasma parameters in the foreshock are
still not well understood and they may at times consist of a large decrease or deflection of the flow velocity
from the Sun-Earth line together with relatively small changes or even an increase of density. To study this
possibility, we simulated a case in which the modified Vx fell to 53% of its original value, but the density
increased to188.6%of theoriginal values. These changes keep theflux (densitymultipliedbyVx) constant. The
calculated RMP in this case (not shown) exhibits large overshoots at the beginning and end of radial IMF inter-
vals (with amplitudes of several RE), but in the middle of the interval the RMP remains close to the previously
calculated locations. More accurate estimations of average plasma parameters in the foreshock hopefully will
be obtained in future studies from in situ observations and statistical analysis.

In this work, we use only the isotropic global MHD model, and the explanation for the pressure decrease for
radial IMF suggested here differs from that of Samsonov et al. [2012]. Our assumptions permit us to obtain
a greater pressure reduction near the magnetopause than that predicted by Samsonov et al. [2012] in the
anisotropicMHDsimulationswithout the foreshock effects. However, the total pressure reductions in the fore-
shock and through themagnetosheath do not contradict each other. Both effects are important in numerical
modeling and can be combined in future.
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