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Figure 9. Statistical maps of (a, ¢) B” and (b, d) B, binned for northward IMF shown in Figures 9a and 9b and southward
IMF shown in Figures 9c and 9d.

in both panels is that on the dusk flank, the fluctuation amplitude is calculated to be reduced by roughly
20-25% suggesting a dawn-favored asymmetry. We produced maps of the standard error of the mean
(SEM = a/\/ﬁ, where n is the bin number density and o represents standard deviation) (see Figure A3 in
Appendix A) for each bin which suggested limits of the mean to be typically 1 nT ranging to 1.5 nT in some
isolated regions. The reported asymmetry is typically around 4-5 nT which is below the SEM. In both pan-
els the spatial distribution of these enhanced regions are remarkably similar. At 0-2 h (close to the MP) from
noon this region appears to be separated from the MP nose at a distance of 1-2 R;. On the other hand, at
roughly 3 h from noon this enhanced region extends to the MP. A logical observation is that the spatial dis-
tribution of this enhanced region is inversely correlated with that of magnetic field strength since it appears
to correspond to the magnetic pileup region. The physical meaning of this will be discussed at greater detail
in the following section.

4.3. Statistical Maps Based on Solar Wind Velocity
Figure 8 shows the statistical maps of the same quantities presented in Figure 7 binned separately for fast
and slow solar wind velocities. Panels a and b represent the slow (< 400 km/s) SW (see Figure 3), whereas
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Figure 10. Statistical maps of the variance of B and B, for all upstream conditions.

panels c and d correspond to the faster (> 400 km/s) SW data set (see Figure 4). According to Figure A2 the
typical bin density for slow SW is estimated as 35 points per bin 0-3 h from noon and approximately 20
further toward the terminator. For the faster SW, the bin density is similar although coverage appears to

be slightly reduced. Nevertheless, the dayside MS 0-4 h from noon offers ample coverage with typically an
excess of 50 points per bin. Although comparing Figures 7 and 8 imply little difference in terms of the spatial
distribution of the fluctuations, there is a notable discrepancy in the magnitude. During faster SW conditions
the MS is populated with much higher-amplitude fluctuations than during slower SW velocities and typical
conditions (see Figure 7). The dawn/dusk asymmetry remains for both statistical maps and does not appear
to vary with respect to Figure 7.

4.4, Statistical Maps Based on Northward and Southward IMF Orientations

Figure 9 presents the statistical maps of Bﬁk and Bik for data collected during northward (Figures 9a and
9b) and southward IMF (Figures 9c and 9d). Since the SW is statistically aligned with a Parker-spiral ori-
entation then there are less data available during northward and southward IMFs. To compensate, we
have removed the 30° limitation on the SW clock angle since we have reproduced the statistical data
with this condition enforced and it had little to no impact on our results except reducing the data cov-
erage. The average bin densities for northward and southward IMFs are estimated to be approximately
35 points per bin. The available coverage is limited beyond 4 h from noon; therefore, we will refrain
from basing our interpretations from data binned outside of this region. There is an obvious difference
between Figures 9b and 9d suggesting that the magnitude of Bik is larger during periods of south-
ward IMF than northward IMF. The amplitude of Bik close to the MP have also increased over those
measured during typical SW conditions. Interestingly, this does not seem to have the same impact on
Bﬁk in which there is very little change in the magnitude of the fluctuations. Similar to the results pre-
sented in Figure 8 the distance between the region of enhanced fluctuations and the MP around noon
also varies which is anticorrelated to the spatial distribution of the magnetic field strength during these
conditions (see Appendix A, Figure A1). Interestingly, during southward IMF, the dawn/dusk asymme-
try appears to be reduced (shown in Figures 7 and 8) to a point where it is much weaker. We estimate
this asymmetry to be around 5-10% corresponding to a numerical difference of around 2 nT. This is
interesting since the previous statistical maps have been compiled for a statistical Parker-spiral IMF and
the asymmetry was notably larger. Comparison of Figures 7 and 9 gives a strong indication that dur-
ing periods of southward IMF, the amplitudes of the perpendicular fluctuations in the vicinity of the MP

(i.e, 0 < Fipm < 0.33) are increased.
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5. Discussion

In the current paper we have studied the spatial distribution of magnetic field fluctuations between 0.1
and 2 Hz in the dayside MS as a function of upstream SW conditions. Magnetic field perturbations were
extracted from the FGM time series data and separated into components parallel and perpendicular to the
background field direction (see equations (5) to (9)). Our previously developed statistical mapping tool [see
Dimmock and Nykyri, 2013] was then used to create statistical maps of the peak to peak magnitude of the
fluctuation amplitude (BlFl’k and Bﬁk) during periods of fast SW, slow SW, northward IMF, and southward IMF.
We then visually compared these statistical maps with the same map produced for the complete data set
representing “typical” conditions.

The first of our statistical data presented in Figure 7 were binned for all upstream SW conditions and reveal
a noticeable dawn-favored asymmetry for the amplitude of magnetic field fluctuations in the dayside MS.
With the exception of the IMF orientation, the distribution of SW parameters shown in Figure 2 suggests

no individual parameter bias that could be responsible. The data coverage map shown in Figure A2 also
suggests that there is adequate data coverage at these locations. We also compiled the statistical map for
variance (shown in Figure 10) and arrive at the same result. Since the IMF orientation in these statistical
data closely resemble a Parker-spiral orientation, our results agree with numerous studies [e.g., Fairfield and
Ness, 1970; Luhmann et al., 1986; Zastenker et al., 2002; Némecek et al., 2002; Shevyrev and Zastenker, 2005;
Shevyrev et al., 2006, 2007] reporting stronger magnetic field turbulence behind the quasi-parallel BS. Never-
theless, this is no surprise since it is well documented that downstream of quasi-parallel shocks, the plasma
is more turbulent, or “perturbed,” than their quasi-perpendicular counterparts [Fairfield, 1976]. It should also
be mentioned that the foreshock plays a fundamental role in which backstreaming/reflected particles inter-
act with the SW flow driving various upstream electromagnetic wave activity and instabilities [Russell and
Hoppe, 1983]. Consequently, these electromagnetic waves and nonlinear magnetic structures are directed
back toward the BS providing a source of MS turbulence [Hoppe et al., 1981].

Data were also binned for fast and slow SW speeds and were presented in Figure 8. In these data, the
dawn-favored asymmetry is still present but displayed a visible impact on the amplitude of the fluctua-
tions. The asymmetry remained under different SW speeds suggesting that the SW speed does not primarily
drive the asymmetry. This is also reasonable considering that the IMF orientation remains PS for the com-
plete database, slow SW, and fast SW data sets. This is also supported by the lack of any strong asymmetry
shown during northward and southward IMFs where the shock geometry is more symmetric. The ampli-
tude on both dawn and dusk flanks are visibly enhanced during faster SW flow compared to intervals

of slower speeds. This could be a result of the electromagnetic wave activity (such as mirror mode, ion
cyclotron, and whistler waves) commonly observed in the vicinity of collisionless shocks [e.g., Lacombe

et al., 1995; Schwartz et al., 1996; Czaykowska et al., 2001; Wilson et al., 2013] which are enhanced during
intervals of higher SW velocities. During these periods, additional dissipation mechanisms [Kennel et al.,
1985; Gosling et al., 1989; Scholer and Terasawa, 1990] are required which manifest as magnetic field turbu-
lence/perturbations in the time series data. As a result of this, we attribute the increase in the amplitude
of fluctuations in Figure 8 to the increased level of turbulence generated at (and immediately downstream
of) the shock front. Regarding the dawn/dusk asymmetry; since the IMF orientation remains relatively
unchanged from Figure 7 (Parker-spiral), the larger-amplitude fluctuations on the dawn flank should still
be present.

Figure 9 shows the statistical maps for data collected when the IMF was strongly northward and south-
ward based on the conditions outlined in Table 1. We refer to strong northward and southward IMFs since
we require the B, component to be greater and less than 0.5|B| and —0.5|B|, respectively. During south-
ward IMF (Figure 9d), the amplitude of Bik is larger than those binned during all SW conditions shown

in Figure 7b. The additional turbulence during a southward IMF could be explained by the existence of
processes which favor a southward IMF orientation such as flux transfer events (FTEs) [Russell and Elphic,
1979] and subsolar reconnection [Dungey, 1961]. In addition, KHI can also operate during southward IMF
[Hwang et al., 2011], adding to the level of turbulence at the MP. For southward IMF, subsolar reconnec-
tion produces FTEs propagating tailward along the flank boundaries that typically cause bipolar variations

DIMMOCKET AL.

©2014. American Geophysical Union. All Rights Reserved. 6243



@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA020009

of the normal component of the magnetopause magnetic field [Sibeck, 1992]. The magnetic field lines sur-
rounding the perturbed (either due to KHI or FTEs) magnetopause would also be perturbed, which will
manifest as a turbulent signature in MS data set. The mutual interaction between the KHI and FTEs would
likely produce a more turbulent magnetopause than when either mechanism would operate by them-
selves which could explain why the perpendicular turbulence is more enhanced for southward IMF at the
MP (resulting from FTEs and the interaction of the FTEs and KHI). In addition, the increase in magnetic fluc-
tuations for southward IMF (in the MS around the MP) is unlikely due to the error in the MP location and
subsequent inclusion of magnetospheric data since this would most likely manifest as a reduction in mag-
netic field fluctuations. The decrease in the dawn/dusk asymmetry during northward and southward IMF
intervals is likely to coincide with the approximate symmetry of the bow shock geometry on both flanks
during these intervals. Although the estimated asymmetry is close to the SEM, our conclusion is not the
magnitude of the asymmetry itself but the significant reduction compared to the other data sets during a PS
IMF. Therefore, the effects discussed earlier in this section relating to the dawn-favored asymmetry (Figure 7)
are not as effective when the IMF is strongly northward/southward. Close to the MP nose 0-2 h from noon
(around the MP) there is a region of reduced amplitude perturbations which appears more prominent when
the SW is strongly northward. These regions appear to inversely correspond to the magnetic pileup region
which also increases in size during northward IMF conditions (see Figure A1). The enhanced magnetic field
strength at the pileup region creates additional magnetic tension acting to restore the field, effectively
impeding the development of perturbations. As already mentioned, the subsolar region possesses relatively
low bin densities which should be noted. However, this feature also appears in areas further tailward which
show higher densities and therefore is unlikely a manifestation of poor data coverage. Although interest-
ing, the comprehensive investigation of this feature is beyond the scope of the current study and warrants a
further, more rigorous study at a later date.

6. Conclusions

We have performed a statistical study of the amplitude of magnetic field fluctuations in the dayside mag-
netosheath using 6 years of THEMIS data. We have produced statistical maps for different solar wind
conditions to study their relationship to upstream parameters. The main conclusions from our results are
the following:

1. The amplitude of magnetic field fluctuations in the dayside magnetosheath are typically
larger on the quasi-parallel (dawn) flank during a Parker-spiral interplanetary magnetic field
(IMF) orientation.

2. The fluctuation amplitude appears to increase for periods of fast solar wind conditions (>400 km/s).

3. During intervals of southward IMF, there appears to be no significant dawn/dusk asymmetry.

4.The level of fluctuations close to the magnetopause increases during southward IMF.

5. The spatial distribution of magnetic perturbation amplitude implies a level of dependence on the profile
of magnetic field strength particularly close to the subsolar magnetopause.

We conclude that upstream solar wind conditions have a significant impact on the amplitude of mag-
netic field perturbations in the magnetosheath particularly IMF orientation and solar wind velocity.
Although identifying the exact source of magnetic field perturbations are difficult, we suspect that dur-
ing typical solar wind conditions, (Parker-spiral) BS processes (and the foreshock) are the significant
source of magnetosheath fluctuations; but during southward IMF, the processes at the magnetopause
can drive higher-amplitude fluctuations at significant distance from the boundary. Although the present
study goes to some lengths to understanding the solar wind driving of magnetosheath fluctuations,

an investigation into the dependence of the spatial and temporal scales of the turbulence warrants
further study.

Appendix A: Supplementary Statistical Maps

Figure A1 shows the statistical maps of the normalized (with respect to SW) magnetic field strength during
intervals of northward (Figure AT, left) and southward (Figure A1, right) IMFs.
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Figure A1. Normalized magnetic field strength binned for northward and southward IMF orientations.

Figure A2 presents the data coverage in terms of counts per bin for each statistical map produced in the
main manuscript. The individual condition is labeled above each panel.

The statistical maps showing the variance of Bﬁk and Bik are plotted in Figure 10 which were computed
as follows:

o) =
i=1
n
1 — \2
o, =NZ<BL—BL) (A1)
i=1
The window length N corresponds to 2:50 min.
Figure A3 shows the statistical maps of the standard error of the mean, SEM = ¢ /4/nb for each bin
reproduced for the complete database, slow SW, fast SW, northward IMF, and southward IMF.
Figure A4 shows Bl‘l’k (Figure A4a) and BT‘ (Figure A4b) plotted on the same color scale for comparison.
All co‘nditio‘ns : Vsw <‘ 400‘km/s‘ : Vsw > 400‘km/5‘ : North‘wgqrd ‘IMF : Southward‘IMF : :
Ll 2
0 DI, d T -
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Figure A2. Statistical maps of data coverage plotted as bin number density for all conditions, slow SW, fast SW, northward IMF, and southward IMF.
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Figure A3. Statistical maps of the standard error of the mean for each bin replicated for the maps presented in the

main manuscript.
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Figure A4. Statistical maps of (a) B and (b) B, binned for all upstream solar wind conditions mapped to the same color

scale for comparative purposes.
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