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Abstract. A list of the interplanetary (IP) shocks observed by WIND from its launch (in 
November 1994) to May 1997 is presented. Forty two shocks were identified. The 
magnetohydrodynamic nature of the shocks is investigated, and the associated shock parameters 
and their uncertainties are accurately computed using a practical scheme which combines two 
techniques. These techniques are a combination of the "pre-averaged" magnetic-coplanarity, 
velocity-coplanarity, and the Abraham-Schrauner-mixed methods, on the one hand, and the 
Viiias and Scudder [I9861 technique for solving the non-linear least-squares Rankine- Hugoniot 
shock equations, on the other. Within acceptable limits these two techniques generally gave the 
same results, with some exceptions. The reasons for the exceptions are discussed. 
It is found that the mean strength and rate of occurrence of the shocks appears to correlated with 
the solar cycle. Both showed a decrease in 1996 coincident with the time of the lowest 
ultraviolet solar radiance, indicative of solar minimum and start of solar cycle 23, which began 
around June 1996. Eighteen shocks appeared to be associated with corotating interaction regions 
(CIRs). The distribution of their shock normals showed a mean direction peaking in the ecliptic 
plane and with a longitude (cp,) in that plane between perpendicular to the Parker spiral and radial 

from the Sun. When grouped according to the sense of the direction of propagation of the shocks 
the mean azimuthal (longitude) angle in GSE coordinates was - 1940 for the fast-forward and - 
200 for the fast-reverse shocks. 
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Another 16 shocks were determined to be driven by solar transients, including magnetic clouds. 
These shocks had a broader distribution of normal directions than those of the CIR cases with a 
mean direction close to the Sun-Earth line. Eight shocks of unknown origin had normal 
orientation well off the ecliptic plane. No shock propagated with longitude cp, 2 220+.10°, this 

would suggest strong hindrance to the propagation of shocks contra a rather tightly winding 

Parker spiral. Examination of the obliquity angle €IB,, (that between the shock normal and the 

upstream interplanetary magnetic field) for the full set of shocks revealed that about 58% were 
quasi-perpendicular, and some were very nearly perpendicular. About 32% of the shocks were 
oblique, and the rest (only 10%) were quasi-parallel, with one on Dec. 9, 1996 that showed field 

pulsations. Small uncertainty in the estimated angle €IBn was obtained for about 10 shocks with 

magnetosonic Mach numbers between I and 2, hopefully significantly contributing to studies 
researching particle acceleration mechanisms at IP shocks, and to investigations where accurate 

values of eBn are crucial. 

1. Introduction 

This work was motivated first by the need to provide new and reliable information to the space 
physics community on properties of the interplanetary (IP) shocks observed by WIND from 
launch in November 1994 to mid 1997; second, to identify when possible the specific shock 
drivers, important for multi-spacecraft coordinated observations of the heliospheric region; and 
third, to provide a physical interpretation of these findings. Finally, we use this opportunity to 
demonstrate, for this relatively large set of events, the practical value of using some well known, 
simpler, techniques for fitting shock parameters, as well as the comprehensive technique by 
Viiias and Scudder [1986; see also Szabo, 19941, and to show how often these techniques 

provide agreement. 

IP shocks are important because they are the source/generation mechanism for energetic 
particles, and an unusual large number of field and plasma features including turbulence and 
wave activity near the Sun and in the interplanetary medium (e.g., Gosling and Robson, 1985, 
and Bougeret, 1985, respectively). Also, as suggested by Gold [1955], some IP shocks may be 
the precursor to the arrival of large scale heliospheric structures leading to geomagnetic 
disturbances. This effect, in fact, was later observed to be generally true [Zwickl, et a]., 1983; 
Cane et al., 1987, 1988; Burlaga et al., 19871. This opened the way to current investigations in 
the discipline of space weather [Gonzalez, et al., 1989; Reames et a]., 1996; Lepping et al., 1997; 
Burlaga et a]., 1981, 1998; Jordanova et al., 1998; Reiner et al., 19981. For a historical review see 

Silverman, [1990]. 



Silverman, [1990]. Hence, it is important to carry out this study using a new set of WIND data 

providing numerous IP shocks, most of which had not been previously examined. 

An IP shock belongs to a family of solar wind discontinuities usually having a thin transition 

region, representing a surface (as envisioned over some volume) across which there is a flux of 

matter, and where velocity and magnetic fields vary discontinuously, but mass, momentum and 

energy is conserved [Landau and Lifshitz, 1960; Tidman and Krall, 1971; Burgess, 19951. 

Additionally, an increase in entropy must occur across the shock surface. Under ideal conditions 
thermodynamic equilibrium occurs on both sides of the IP shock surface, excluding the 

dissipating transition layer, in which case it is a magnetohydrodynamic (MHD) propagating 

structure. Whereas the MHD nature of the solar wind fluid allows for the existence of several 
kinds of MHD discontinuities [Anderson, 1963; Jeffrey and Taniuti, 19641, the IP shocks 

commonly observed in the heliosphere divide into two general types, namely, fast and slow 

shocks (Tidman and Krall, 197 1; Burlaga, 19951. 

Assuming that a shock can be locally well represented by a plane surface (i.e., over a scale- 

length of tens of RE), the MHD shock Rankine-Hugoniot (R-H) equations are usually rendered in 
simple algebraic form [e.g., Tidman and Krall, 19711. Then, to find the shock normal, n, shock 

velocity, V,, and €IBn (i.e., the angle between n and the upstream IP magnetic field, IMF), it is 

necessary only to insert in the equations the properly averaged solar wind conditions for 
upstream and downstream of the shock. However, it has sometimes been difficult to implement 
this in practice, using observations of solar wind sampled by only a single spacecraft, because of 

the non-steady nature of the local solar wind conditions containing fluctuations and 

discontinuities. 

This study uses a fast and reliable method of analysis of the MHD properties of the IP shock. It 

is a mixture of the traditional pre-averaged methods, i.e., magnetic coplanarity, velocity 

coplanarity, and mixed Abraham-Schrauner [I9721 methods, with the complementary demand 

that there be a pair of time intervals upstream and downstream of the IP shock where at least two 

out of the three methods give the same shock parameters (n, V,, and OBn). This study shows that 

this "mixed method" usually constitutes an accurate technique for the determination of the shock 

parameters. 

A determination of the quality of the mixed method is obtained by comparing IP shock 

parameters results with the corresponding parameter estimations from the powerful and currently 

most complete non-linear least square R-H fitting method [Viiias and Scudder, 1986; Szabo, 

19941. The combination of both methods in this paper is described as a "working scheme" which 



allows the precise determination of shock parameters and their uncertainties. We use it to 
estimate and evaluate the shock parameters for all MHD fast IP shocks identified by WIND over 
the period of interest. 

The list of shock parameters presented contains most shocks which passed by Earth from the 
decreasing phase of the 22nd to the start of the rising part of the 23rd solar cycle. During almost 
all of this time WIND was located in the solar wind upstream of the Earth, where the science 
operation time of WIND instruments accounted for - 97% of its flight time. The apparent 
association of the observed shocks to their "drivers," when identified is important. Hence, we 
emphasize this association with regard to the two major types of drivers, i. e, either (1) interfaces 
of stream-stream interaction regions (corotating interaction regions, CIR's), or (2) solar wind 
transient interfaces, magnetic clouds being a principal type of such transients [Burlaga, 1995; 
Gosling et al., 19741. 

In section 2 we introduce the working scheme employed and briefly discuss its use to determine 
the shock parameters and their uncertainties. Shock normals and magnetofluid shock parameters 
are presented at the end of section 2. Section 3 discusses the shock strength, orientation, 

association to a driver and other properties in the context of their observations near the start of 
the 23rd solar cycle, at the solar minimum in 1996. Section 4 focuses on the characteristics of 
some cases that were difficult to analyze. Summary and conclusions are presented in Section 5. 

2. Methods of Analysis 

This section describes the data analysis, starting from the identification of an IP shock, through 
characterization of the data-set employed in the study, and formulation of assumptions about the 
nature of the shock, to the development of the working scheme used for the analysis of the IP 
shock properties. For the identification of an MHD IP shock it is necessary to check the mean 
magnetofluid conditions upstream and downstream of the event against definitions of various 
known types. For this purpose we reviewed daily WIND summary plots (WIND/ SWE and 
WINDJMFI) of 92 seconds key parameter data [Mish et al., 1995; Peredo et al., 19961. We also 
cross-referenced our identifications with IP shock lists compiled by other workers [viz., by P. 
Kellog, D. Larson, D. Reames, Z. Smith, private communications 19971. 

The data used for these shock studies are: 3 sec averaged IMF data from the magnetic field 
instrument (MFI) [Lepping et al., 19951, and depending on the solar wind conditions 15 to 21 s 
snap-shots of the average solar wind ion plasma quantities (proton density, velocity, and 

temperature) every 46 or 92 s (depending on telemetry mode), and solar wind electron 
temperatures, all from the solar wind experiment (SWE) [Ogilvie et al., 19951. 



Important requirements for the validity of the analysis are that [see Viiias and Scudder, 19861: 

(1) Locally the shock has a simple planar surface, which separates two different states of the 

plasma, viz., those upstream and downstream, and the shock's motion normal to its surface 

defines a Galilean frame of reference (i.e. it is not accelerating). 

(2) The considered data points mix in a statistical way which cancels the contributions from the 

plasma turbulence present in the analyzed intervals. These requirements are equivalent to the 
demand that the R-H conservation equations [see, e.g., Burlaga, 19951 hold true for the intervals 

under consideration. These equations are: 

A [p(V n -V,)] = 0 
A[B n] = 0 
A[V x B] = 0 

A [p (V n - V,)V, - B$p,B,] = 0 
A [(n x V,) B, - (V n -V,) (n x B,)] = 0, 

where A followed by square brackets indicates the difference between the upstream and 
downstream mean values of the enclosed observables. In these equations, V is the "bulk" 

velocity of the solar wind, p is the mass density of the solar wind ions, and B is the IMF. The 

subscripts n and t indicate the normal and tangential directions with respect to the shock plane, 
and V, is the speed of the shock relative to the upstream plasma defined to be along the unit 

shock normal n. 

General conventions and rules for the analysis of the IP shocks follows. With respectively 

identify with "up" the value of any parameter upstream the shock and with "dw" its value 
downstream. The direction of propagation of the IP shock is defined to be along its surface 

normal with a sense opposite to the direction matter flows relative to the shock surface. The iMF 

and plasma data are restricted to the SW conditions in intervals no larger than two hours, before 

and after the time of the shock transition (or ramp). For this purpose - 15 second solar wind H' 
averages, spaced every 46 or 92 s, are combined with the value of 3 second average IMF data, 

averaged to the same resolution and instant as the plasma data. The resulting data set is used in 

the determination of the orientation of the MHD IP shocks normal n, speed V, and the angle €IB,, 

between n and the upstream IMF. Other general rules used in the analysis are: (a) the chosen 

upstream and downstream intervals do not overlap the shock discontinuity (its ramp) and are 

sufficiently far apart to avoid the inclusion of non-MHD kinetic structures, (b) the intervals are 



as close to the shock as is necessary for their plasma/field states to be valid for use in Equation 2, 

i.e., not be distorted by any convective structures in the vicinity of the shock. Uncertainties in 
the determination of the shock parameters result from the compromise between these two 

conditions. Additional guides in our search for the best possible solution are the requirements 

that the shock be supermagnetosonic and entropy increases across its surface. 

The working scheme can be briefly summarized as a two-step method. In a first step we take 

advantage of the use of the fast pre-averaged (p-ave) methods for the evaluation of the shock 
parameters and their errors as a function of a set of chosen upstream and downstream regions of 

the shock. This is presented in subsection 2.1. In a second step we choose the optimal pairs of 

upstream and downstream time intervals found in step one, to solve for the shock parameters 
which satisfy the R-H equations; i.e. we perform a non-linear least square R-H fit to the data to 

obtain the self-consistent solution within the available experimental accuracy. This is presented 

in subsection 2.2. 

Because of the R-H ansatz none of these methods, presented in subsections 2.1 and 2.2, allow for 
a dynamically evolving shock structure over the time that the spacecraft passes from one side to 
the other, including the time considered in the full pre- and post-shock state. That is, if the IP 
shock is non-stationary, our fit methods break down. This is indicated above under "requirement 

no. 2." The implications of this limitation will be discussed in Section 4 using some specific 

examples. 

2.1. The p-ave Technique 

This section shows how the pre-averaged (p-ave) methods are used to obtain accurate 

determinations of the MHD shock parameters for most fast IP shocks. The p-ave methods were 

extensively investigated by Abraham-Shrauner [Abraham-Shrauner, 1972; Abraham- Schrauner 

and Yun, 19761 with the following results: 

(a) Magnetic-coplanarity (mc) takes advantage of one of Maxwell's equations, v*B = 0, which is 

essentially R-H Equation (2), which in principle provides an unambiguous determination 

of the shock normal, but it has two common problems. One is the sensitive dependence of 

the method on the fluctuations1discontinuities of the IMF which become nearly 
comparable to the value of the mean field for near parallel shocks. The other problem is 

that the method fails for perpendicular shocks and gives very poor results for near- 
perpendicular shocks. In the latter case the IMF upstream and downstream of the shock 
become nearly parallel to each other with a negligible B component in the shock normal 

direction, causing the orientation of the plane of the shock to become undetermined. 



(b) Velocity-coplanarity (vc) is exactly valid for pure parallel and perpendicular shocks [see R-H 

Equations (3) and (4)]. But i t  is only approximately valid for quasi-perpendicular shocks 

and the solution is unstable for near parallel shocks. 

(c) The Abraham-Shrauner (AS) mixed method corrects the problem of the undetermined normal 

for near perpendicular shocks which occurs with the mc method. It also decreases the 

uncertainties resulting from the vc method, which in most cases can give only an 

approximate solution. The inaccuracies of the method can usually be traced to the 

difficulty in correctly choosing the upstream and downstream mean MHD analysis- 
intervals, which provide self consistent parameter pairs across the shock. 

We find that our p-ave technique is accurate in determining the shock normal, and consequently 

the shock parameters, by demanding that good MHD parameter pairs (up- and down-stream) 

across the shock (i. e., for p, V and B) give the same shock normal for at least two of the three 

methods discussed above. We do not demand that the three methods always agree, because 
neither the mc nor the vc methods are valid for the full range of orientations of the IP shock 

normal relative to the IMF. 

The following four statements outline the practical scheme for determining the shock 

parameters using the p-ave technique: 

i) After selecting the upstream and downstream analysis-intervals for the shock we take the 

average of the IMF and plasma moments for these intervals; hence, its name "pre-averaged 

technique" (p-ave). 

ii) For these parameter pairs we calculate the shock normal direction using the mc, vc, and AS 
methods (see Appendix A), and then check to see that the normals calculated from at least two of 
the three different methods agree within 150, an angle based on our experience with past studies 

of IP shocks and on the reasonableness of such tolerance; this represents a 1-s.d. uncertainty. 

iii) We check to see if the direction of the velocity of the shock (determined by using R-H 

Equation (1)) is compatible with the nature of the shock (i.e., forward, F, or reverse, R, IP 
shock), and if the shock-speed upstream is supermagnetosonic (i.e. having a shock speed large 

than (V,,,,: +VSoundZ)'E); when the latter condition is satisfied, the shock will be 

superal f v e n i c  and supersonic. The plasma Alfvenic and shock magnetosonic Mach numbers 

are also presented here. 



iv) Finally, we check to see that the solution shows only small violations of the R-H conditions 

from Equations (3) to (5) .  i.e., 

with [Q] representing any of the quantities in the R-H equations, and we also check to see that 
there is an entropy increase in going from the upstream to the downstream region. (For 

determinations of the direction of entropy change and the fast mode magnetosonic Mach number 
of the shock we use the mean value of the electron and proton temperatures for a time interval of 

nearly one hour before and after the shock). 

The mean value of the estimated normals becomes our first solution to the problem. If the 
normals do not coincide within - 150, new time intervals are tried until an acceptable solution is 

found, i.e., one which gives approximately the same normal directions to the shock for at least 
two methods. Otherwise, the indication is that the determination has either been obtained with 
the help of other information (e.g., the speed of propagation of a transient following the shock), it 
is of poor quality, or the method failed to give a solution. 

A shock solution consistent with conditions (ii) and (iii) will constrain the upstream and 

downstream analysis intervals, and therefore the averages of B, p, and the solar wind V-field 

quantities. These are then considered to be the equilibrium values upstream and 

downstream of the shock. Hence, the resulting normal n should be the most likely solution for 
the shock. We explicitly check condition (iv) (i.e., shock solutions must cause only small 
violations of the R-H Equations (2) to (5 ) ) ,  and we use Equation (1) to estimate the shock 
velocity, as has been done customarily in the past [Lepping and Argentiero, 1971 and Viiias and 
Scudder, 19861. Once the IP shock solution is found we proceed to study the uncertainty and 

stability of the estimated shock normal, n, and the upstream orientation of the magnetic field, 

B,,, against small variations of the selected up- and down-stream analysis-intervals. Three 
examples of this (April 7 and June 26, 1995, and June 18, 1996) are illustrated by the histograms 

in Figure 1 for various analysis-intervals, which show related distributions of shock normals. In 

this way we can generate an ensemble of solutions {n), and {B,,}. We can then calculate the 

mean and standard deviation of the shock normals and the acute angles €IB,, for each case. In 

doing so we weigh each solution, i.e., the pairs of angles (en,(pn) and (e,, (p,), which respectively 

define the orientation of the shock normal and the direction of B,,, as described below. 

The vc solutions are weighted with the geometric mean of the absolute values of 

l/(t n,,) and l/(s n,,), with t ands given by 



the direction tangent to the shock, and 

the direction perpendicular to the coplanarity plane (containing n and t), and where up and dw 

mean up- and down-stream, respectively. We believe that this is a good way of weighting the 

quality of the solution to the normal given by the vc recipe (Appendix A), because although s t 
= s n = o are required mathematically, actual solutions to n,, are by definition approximate 

solutions in most cases. When this is coupled to data and mathematical uncertainties of the 

evaluation, small but non-zero values for t nvc and s n,, are almost certainly assured, and the 
smaller their values the larger our weighting factor for the solution. (In fact, after hundreds of 

trials performed in this study, across all the various shocks, we did not encounter the limiting 

situation of s t = s n = 0.) The normal n,, is that derived from the velocity coplanarity 

technique (vc). In a similar fashion the AS weighting factor is the absolute value of l/(s n,,). 
Here, no dependence on t n,, is included, because the AS coplanarity solution imposes t n, 

= 0. For the mc solutions (n,) the weighting factor used is 1.0. This follows from the 

definition of the mc technique, which imposes t n, = s n, = 0. In this way the mean 

normal and standard deviation generated by the average-method technique, using an ensemble of 

shock normals, will give a solution consistent with the following constraints: 

and (V,(up)l- (V,(dw)( z 0, (1 1) 

making this technique equivalent to the one introduced by Whang et al. [1996]. 

The shock parameters resulting from the p-averaged technique are listed in Table 1. These 

include the following: 

On the left side of the table we present, from columns 1 to 5, the shock identification number, 

year, date and time of the shock, and time intervals up- and down-stream of the shock. On the 

right side, columns 6 to 15 present, with their standard deviation (k s.d.), the shock normal 

orientation in GSE coordinates (longitude cp, and latitude en), the shock velocity V, relative to the 



solar wind, the shock type (forward = F or reverse = R), the mean value of the IMF vector B,, 

(upstream of the shock in GSE coordinates), the angle between the shock normal and B,, (€IB,) 
and the average method used (vc, mc, and/or AS) which provides normals that agree within 150. 

2.2 The Non-Linear Least Square (R-H) Technique 

Currently the most comprehensive methods of MHD shock fitting to the R-H equations are the 

similar non-linear least square fitting techniques (R-H) of Viiias and Scudder [I9861 and Szabo 

[1994]. The latter makes use of the normal momentum and energy flux conservation equations 
beside the other R-H equations, and it adds the calculation of the confidence regions for the 

solutions. These techniques have the advantage that they do not require the pre-determination of 

the average MHD values of the magnetofluid parameters upstream and downstream of the shock, 
unlike the pre-averaged methods detailed above. The only noteworthy limitation of these 

methods is that the analysis-intervals appropriate for MHD considerations have to be manually 
set. But within these upstream and downstream windows all measured data points are included, 
and as part of the fitting process not only the best-fit shock normal and shock propagation speed 
is determined, but also the asymptotic magnetofluid parameters on both sides of the shock that 
are constrained to be self-consistent with the MHD equations and consequently are the best-fit 
values possible for the observations. Therefore, plotting the calculated asymptotic values on top 

of the observations reveals the quality of the fit; or alternatively the reduced x2 fit parameter 

indicates the goodness of the fit. See Figure 2 which shows asymptotic values (as horizontal 
lines, with gray-shaded lstandard deviations (s.d. or (3)) for the various plasma and field 

quantities for the cases that were discussed earlier in terms of the p-ave technique: June 26, 1995 
(RQperp), and June 18, 1996 (FQperp). A more quantitative measure of the goodness of the fit 
is given by Szabo [1994], where the individual measurement uncertainties coupled with the 
fitting discrepancies are carried through all calculations, and proper confidence regions around 

the solutions are obtained, with the only assumption being that the observational uncertainties are 
assumed to have a Gaussian distribution. Visualizations of the uncertainty regions are shown in 

Figure 3, indicating the quality of the shock normal determination. When the shock normal is 

determined to a high degree the uncertainty regions are tight small regions around the best fit 

direction (Figure 3a). Lower quality fits (like Figure 3b), however, are not without value. In the 
case of the 1996 June 18 shock, most uncertainty lies in one particular direction and the shock is 
resolved quite well in the other. This illustrates the power of the R-H method, namely that even 

for more complex situations, where the other methods tend to fail, significant amount of 

information can be recovered. 

In our study the one sigma (68%) confidence levels are used as error bars to compare the R-H 



best-fit results with those of the p-ave methods. We also address the question of uniqueness of 

the solutions. With the R-H method we successfully decouple the 11- dimensional fitting 
parameter space into no more than 2-dimensional sub-problems which can be graphically 

mapped, and all likely solutions investigated. Most of the IP shocks encountered in this study 

have a unique solution. However, a few have a number of equally likely but different solutions 

(usually indicating poor quality fits). These will be discussed separately in Section 4. 

2.3. Quality of the Shock Normal and OBn Estimates 

Both methods show overall agreement in the resulting shock-normals, as illustrated in Figures 

4. With the p-ave technique we explored the uncertainty to the normals associated with different 

time intervals. The R-H technique searches for a R-H solution of the shock normal (i.e., to 
Equations 1-5) and its uncertainty, among other quantities, for the most likely set of upstream 

and downstream analysis-intervals. It is then apparent that the actual uncertainty in the normal 
corresponds to the addition of the derived errors from the p-ave and R-H methods. We consider 

our determination of the shock normal to be accurate when the solutions using the p-ave and R-H 

techniques agree within the overall error uncertainty. The sum of the scalar product of the shock 
normal and its uncertainty 

'gave n ~ - H  + A(npare nR-H) 3 

where 

ngave n ~ - H  = C O S ( ( P ~ ~ ~ ~ )  ~ ~ ~ ( e p ~ v e )  COS((PR-H) COS(~R-H) 

+ sin(cp,ave) cos(epave) sin(cp,-,) cos(eR-H) 
+ sin(e,,,) sin(eR-,) 

and ~(n,,,, n,,) = ~l~((Pp-ave-(PR-H) ' cOs(epave) COS(~R-H )(2Aq) 

+ ~~~(~p-ave+~R-H) + COS((P~~V~-(PR-H)] A e ~  

(with = ~e,,,, = AeR-, and AT = ~q,,,, = A%-,) is a single number indicative of the agreement 

or disagreement between the p-ave and R-H shock normals. This quantity is unity for nPav,= nR-, 
for negligible uncertainties. A value larger or equal to 1.0 in Relation (12) is then interpreted as 

indicative of agreement within the uncertainties associated with the measurement and analysis. A 

value smaller than 1.0 in Relation (12) is interpreted as a case of disagreement between the p-ave 

normal n,,,, and the R-H normal nR-,. (The test of the shock normals, using Relation 12, shows 

satisfactory agreement for most cases; see Figure 5.) Disagreements in the shock normals are 
essentially limited to the shocks discussed in Section 4. 

Historically, the angle €IBn (i.e., the absolute value of cosq1(n B,JB,,)), has been used as the 



basis of classification of shocks into quasi-perpendicular, oblique, and quasi-parallel categories, 
which are known to correspond to different upstream and downstream plasma characteristics, as 

well as markedly different kinetic profiles. (This was based on experience gained primarily 

from the study of the Earth's bow shock.) Uncertainties ( ~ 0 ~ ~ )  in the value of OBn are the result 

of uncertainties in the shock normal and the MHD value (i.e., effective steady-state value) of the 

IMF upstream of the shock. Therefore, the uncertainties &€IBn are larger than the uncertainties in 

only the orientation of the shock normal. A shock's magnetosonic Mach number and its 

character depend markedly on €IB,, and the upstream shock velocity [Tidman and Krall, 19711. 

Our evaluation of the uncertainties in OBn are discussed in Appendix B. 

3. Results 
Table 2 presents: the sense of shock propagation (i.e., F or R), an estimate the orientation of the 

shock normal, its speed with respect to the upstream solar wind, and the angle €IBn for each of the 

WIND shocks, covering the period from November 20, 1994 to May 31, 1997. These quantities 

are based on a combination of the results of the various averaging methods (mc, vc, and AS in 
the context of our p-ave scheme) and the R-H technique. 

The statistical synthesis of the R-H shock parameters in this study is presented in Table 3 in 
terms of the mean values and standard deviations (s.d.) of the estimated shock velocity, 

magnetosonic Mach number (M,), shock normal longitude (cp,) and latitude (en), and the shock 

obliquity (€IBn) relative to the upstream IP magnetic field. The mean shock velocities for F or R 

IP shocks in GSE coordinates are - -320 + 90 and -670 + 100 kmls, respectively, based on the 
immediate upstream solar wind speed. Table 3 shows that on average the fastest shocks were the 
R ones, and the slowest were the ones without a known driver. The latest ones were also the 
weakest. The largest spread in the distribution of Ms occurred for the transient driven shocks, 

although a comparable spread occurs for the R shocks. The mean orientation of the IP shocks 

was along the Sun-Earth direction with a spread between 20° and 300 depending on the type of 

shock considered. The shocks with unknown drivers have the largest deviations relative to the 

plane of the ecliptic. Table 3 shows that the average obliquity (<€IBn>) of all shocks is close to 

60" with a standard deviation of 25". Table 3 also shows that the shocks without known drivers 

were the more quasi-perpendicular ones with a <€IBn> - 720 and a standard deviation of - 150. 



3.1 Frequency, strength, and drivers of IP shocks: Dependence on the solar cycle 

Over the 2-1/2 years of interest we identified 34 forward and 8 reverse fast IP shocks. It is 

interesting that during 1996, when the minimum in the 11 year solar cycle occurs [Ogawa et al., 

19981 the lowest frequency in shocks occurred (see Figure 4). When classified by their velocity, 

Figure 6a shows 14 or 15 shocks with V, > 100 kmls, and a slower group with a mean speed of - 
60 km/s (see Table 2). Possibly a more valid classification is by magnetosonic Mach number, Ms 
By such a classification the shocks appear to divide again into two groups. One group, which we 

call "weak" shocks, has Ms values smaller or equal to 1.3 (i.e. having shock velocities 30% 

larger than the fast mode wave speed.) The group of shocks with Ms values greater than or equal 

to 1.5 contains one event with a shock velocity nearly 2.5 times the fast magnetosonic wave 

velocity. We call the 17 shocks belonging to this group "strong". They have a mean Ms - 1.8. 
Figure 6b illustrates the dependence of the strength of the IP shocks on time. Notice that during 

the whole year 1996 (i.e., minimum in the solar cycle) only one shock meets our "strong" shock 
criterion. Table 4 organizes the shocks by their magnetosonic Mach number in two sets, in Table 

4a those with a magnetosonic Mach number 2 1.5 and in Table 4b those with a magnetosonic 

Mach number < 1.5. Tables 4a and 4b also present the value of the shock velocity in Earth's 

frame of reference, the ratio of the shock speed (solar wind frame) to the alfvhnic speed and in 

the last column the possible driver associated to the shock, 

There are different types of IP shock drivers. Interplanetary coronal mass ejections (IP-CME's 

or ICME's)/magnetic clouds are good examples of transient drivers. Stream- stream interfaces 

or corotating interactive regions (CIR's) are quasi-periodic shock drivers; see e.g. Gosling et al., 

[1972], Gosling, [198 11, Burlaga, [1974, 19951. However, it has been argued that CIR's seldom 
develop shocks within 1 AU [Pizzo, 198 1; Smith and Dryer, 1991, and references therein]. An 

estimate of the percentage of IP shocks observed at 1 AU associated with CIR's may help test the 

predictive power of current MHD IP shock models discussing CIR's [Steinolfson, et a]., 1975; 

Smith and Dryer, 19911. On the other hand, the results presented here for shocks associated with 
ICME could be used to test the MHD modeling of IP shocks, depending on initial conditions 

associated with a solar transient event [Dryer, 1994; Lario, 19971. A hypothetical so-called blast 
wave shock, apparently having no driver and therefore probably born and set in motion at the 
Sun, cannot be easily distinguished (with a single spacecraft's measurements) from a shock 

having a driver that is simply not seen by the spacecraft. And this can easily happen if the 

shock's driver is sufficiently "off to the side," with respect to the spacecraft's position which may 

occur for some cases where the driver subtends a narrower angle than its shock (Cane et al., 
1988; Reames et al., 1996). 

The locally occumng solar wind IMF and plasma conditions naturally influence the correct 



identification of a driver of an IP shock. In the case of a magnetic cloud (or cloud-like ejecta) 

the overall profile of the interaction-features observed, in time order, are: the upstream IP shock, 
a sheath region of many hours (but usually distinctly less than a day), an occasionally well- 

defined front boundary of the cloud, the strong sustained field region of the cloud itself (i.e., with 

respect to the upstream IMF), and a rear boundary. The cloud's front boundary, the likely 

immediate driver surface of the shock, may be a tangential discontinuity. Within the cloud the 

proton temperature is markedly lower than its upstream value [Burlaga, 19951. These overall 

properties were used to identify such a transient region in this study. 

Between the launch of WIND (1 111994) and mid 1997 the WIND observations cover solar 

conditions extending from the end of solar cycle 22 to the beginning of the solar cycle 23 (which 

we take as solar minimum); see, e.g., Ogawa et al., [1998]. Sanderson et al. [I9981 illustrate the 

main characteristics of the solar wind during this period. Panels d-f of their composite Figure 2 

indicate approximately 120 main IMF polarity changes at the location of WIND. Most of these 
crossings were associated with regions of compressed field and plasma. They consistently 

matched, in time, observations at WIND of a streamer belt solar wind being deflected by a high 

speed stream coming from solar coronal hole(s). The coronal holes in 1994 and until 1996 
extended from the Sun's pole to quite low latitudes, usually making possible related observations 

of nearly pure high speed streams at low latitudes at 1 AU. It was possible to relate fast strong F 
(one) and R (five) IP shocks to this time interval (see Table 4a). Other strong shocks related to 
CIRs occurred on Sept. 1996, and Jan. and March 1997. Table 4b shows other (9) weaker 
shocks likely to be related to CIRs. Only one pair of F and R IP shocks related to CIR's was 

identified. These two shocks occurred on Dec. 24 and 25, 1995 respectively. Of the four strong 

fast F IP shocks that were observed to be driven by magnetic clouds (transient example) in this 
period [Lepping et al., 19991, two of them (one on Oct 1995 [Lepping et al., 19971 and the other 
on Jan. 10, 1997 [Burlaga et al., 19981) were followed by high-speed streams suggesting the 
possibility of an association between the transients (clouds) and the CIRs. These two magnetic 
clouds may have originated near coronal holes [see e.g. Watari and Watanabe, 19981. From 

these we get a total of 18 IP shocks associated with CIRs and 2 strong forward IP shocks 

associated with magnetic clouds being overtaken by fast streams, and a total of four strong fast F 
IP shocks driven by magnetic clouds, including the two compound cases. These compound cases 
could be those of magnetic clouds becoming part of a CIR structure. Our results shows that at 1 
AU low latitude CIR shocks formed in at least 15% of the cases, and often they were strong R 

shocks. But also some F shocks were driven by CIR's, and all of them appear to be associated 

with coronal holes that extended to nearly the Sun's equatorial latitude. 

Three other strong F IP shocks were also associated with solar transients ("t" in Table 4a). The 
first one is the F IP shock on Oct. 22, 1995. It is associated with a strong west limb CME which 



also produced a high intensity flux of energetic particles at Earth. This shock associated event 
started at 0655 UT on Oct 20, 1995 at the Sun [Reames et al., 19971. Gopalswamy et al., [1998b] 
investigated the solar origin of the driver of the Feb. 9, 1997 forward IP shock, which, in this 

study, is the fastest moving shock relative to Earth. The IP shock of April 10, 1997 appears to be 

the lateral northward extent of a F IP shock driven by a fast CME (- 800 kmls), from 

observations with the LASCOISOHO coronagraph [Berdichevsky et al., 19981. Two other strong 

IP shocks also appear to be driven by transients of solar origin ("t?" in Table 4a). There are two 
weak F IP shocks, one on Aug 22, 1995 and the other on May 26, 1997 that are associated with 
solar transients. There may be three more candidates (t? in Table 4b). One of them, the IP shock 

of Apr. 11, 1997 is the only R shock in this study that appears associated with a transient 
[Berdichevsky et a]., 19981. Finally, there are 8 weak IP shocks that we were not able to 

associate with a driver. For the period before June 1996 there appears to be no association 

between shocks observed via Type I1 radio bursts in the lower corona and those observed in situ 
by WIND in the interplanetary medium [Gopalswamy et al., 1998al. One of the shocks of 
unknown origin occurred inside a magnetic cloud (F IP shock on Oct. 19, 1995 [Lepping et al., 

19971). 

3.2 On the statistical orientation of normals in the ecliptic plane 

Figure 7 sketches the observed mean orientation of F and R shocks. All R shocks, except one, 

are clearly associated with CIRs. In Figures 8a and 8b we present the distribution in the ecliptic 

plane of all F and R shocks. The distribution of F shocks shows a concentration in their longitude 

angle from 180" to 225". This indicates an orientation between radial from the Sun and the one 
that would be expected to be normal to a Parker spiral angle at 1 AU (Figure 8a) [see, e.g., 
Acuiia and Whang, 1976; Cravens, 19971. This distribution of orientations of F shocks projected 

in the plane of the ecliptic strongly broadens toward smaller angles. This is obviously not a 

normal distribution in the longitude angle cp,,,. It is, in fact, reminiscent of a Poisson 

distribution, so we do a least square fit of such a distribution to the data and find quantitively the 

likely limit angle O,,, = cp,,, = 220 2 10" beyond which the direction-component on the ecliptic 

plane of the F shocks appear to be forbidden, at 1 AU. Our best-fitted Poisson distribution to the 

longitude distribution of shocks then is 

with a characteristic parameter h = 1.55 + 0.20, and r = 2(@,,, - cp,,,)145", for a number of 31 F 

IP shocks. Consequently it appears that westward moving F shocks with a larger obliquity than 



@,,, either decayed before reaching 1 AU or were deflected toward cp,,, < @,,,. For a much 

more limited number of R shocks Figure 8b indicates again a clustering between slight departure 

from the Sun-Earth line and normal to the Parker spiral, which would be expected for well 
developed shocks associated with CIRs [Hundhausen, 1995; Dryer, 19941. The distribution in 

latitude of all fast shocks is also broad, as it is indicated in Figure 8c, with an expected mean 

value close to the plane of the ecliptic. 

It is worth asking if a specific shock normal orientation is uniquely indicative of the nature of 

the shock's solar wind driver [e.g., Cane et al. 1988; Richardson and Cane, 1993; Reames et al. 
1996; Gopalswamy et al., 1998]? A unique relationship is not likely, if only because each type 

of driver will provide shocks with a relatively broad range of normal orientations depending on 
the angular displacement between the source and observer, and this broadness is exacerbated by 

any (and commonly occumng) upstream solar wind variations that cause natural orientation 
responses in the normal. However, an apparent discriminating relationship, via a bimodal 
clustering of the normals according to the shock's type of driver, appears to exist statistically 
during solar minimum (see Figure 9). The fast F and R IP shocks driven by CIR's tend to cluster 
between a direction radial from the Sun and the one defined by the Parker spiral angle [Cravens, 
1997; Acufia and Whang, 19761. Their distribution of latitudinal orientations shows a strong 

peak near the Ecliptic plane (Figure 9a). The only R IP shock possibly driven by a transient 
present in the Ecliptic plane has an orientation close to the Parker spiral angle. All the other 
driven IP shocks were F shocks, and their distribution appears to peak for directions along the 
Sun-Earth line (Figure 9b). The distribution in orientations is, however, broader than that for the 
shocks driven by CIRs. This broader distribution in azimuth (cp,) and latitude (9,) could suggest a 

larger (average) shock surface curvature, i.e., a smaller spatial extension on average, for shocks 

driven by ejecta than those driven by CIRs during the current solar minimum. 

Finally, the distribution of shocks of unknown origin appear to show orientations pointing well 

out of the Ecliptic plane, and the small azimuth angles in two of them could suggest an 
unobserved transient sources (see Figure 9c). The other F IP shocks of unknown origin show 

directions that could well be consistent with unobserved drivers. These drivers could be either 

CIRs or ICMEs (ejecta). 

3.3 The orientation of the IP shocks relative to the magnetic field 

The relative orientation of the shock normal to the IP magnetic field ggn is of great importance 

for many studies in space physics. For example, the study of particle acceleration at shocks 

indicates that the acceleration of seed and nearly supra-thermal SW particles may depend on the 



angle OBn and its magnetosonic Mach number M, [see e.g. Ellison et al., 19951; see Table 2 (€IBn) 

and Table 4 (M,). Table 2 shows that there was a large number of quasi-perpendicular shocks in 
our set, 58%. Several of these shocks had an orientation very nearly perpendicular to the IP 

magnetic field, but there was a much smaller number of IP shocks with a solution for €IBn close 

to 0°, namely 10% (see the histogram in Figure 10). The rest were oblique cases, 32%. (In most 

cases we catalog shocks with OBn between 35" and 55" as oblique, and those outside this range as 

either quasi-perpendicular (for higher OBn) or quasi-parallel (lower OBn).) However, a final 

characterization in the assignment of a shock as quasi-perpendicular or quasi-parallel is not only 
based on the evaluated obliquity of the normal but also after a careful weighting of the overall 

IMF and plasma conditions at the shock. This is because for example for quasi-parallel shocks 

the average field from upstream to downstream, for example, is not expected to have any change, 
in principle; The other plasma quantities (temperature, velocity and density) do change across a 
parallel shock, of course, as well as the field fluctuation level, which makes such shocks possible 

to identify. (An example is the Dec 9, 1996 shock in Figure 11.) 

A graphical representation, in Figure lob, of the €IBn angle versus M, (which is the other shock 

parameter relevant to theoretical studies on particle acceleration at shocks [see, e.g., Ellison et 

al., 19951) shows that about 12 shocks had small uncertainties in OBn. These are shocks with 

standard deviations in OBn (s.d.{OBn)) << 15O. Another 13 shocks had uncertainties where 15O 

<< s.d. {8,,} << 30°, and the remaining 13 shocks had uncertainties (s.d. {€IBn)) larger than 30". 

The well determined cases may enable further study of acceleration processes for shocks with 1 

< M, < 2.8. 

4. Shocks difficult to fit 

In spite of the robust nature of the R-H method and its capability to analyze complex data sets, a 
number of conditions can severely limit the usefulness of the obtained results. These conditions 

usually invalidate one of the underlying fundamental assumptions of the fitting procedure, such 

as severe violation of MHD requirements which occur for example when the fluctuations in 

magnetic field are comparable to its change due to the shock, i.e., when GBIA[B] - eB or OB. 
Such is the case with the Jan. 1, 1995, and Oct 18, 1995 shocks. Also, if the interplanetary shock 

is propagating through a rapidly changing region, the change in the ambient field and plasma due 

to interplanetary discontinuities are hard to separate from the shock induced variations. In such a 

case the obtained shock normals are of very poor quality (e.g. May 26, 1997). Sometimes, the 

difficulties associated with solar wind variations are compounded with the presence of 



particularly weak magnetic fields, so that the amplitude of variation over the stable MHD values 

is larger than the asymptotic values. The resulting error bars are unusually large (e.g. Oct. 18, 

1995). 

Besides difficulties associated with fluctuating solar wind backgrounds, some weak and/or 

parallel shocks are difficult to fit in their own right. Some particularly weak shocks might be at 
the very boundary of shocks and pressure pulses, and are notoriously difficult to fit. Such is the 

case with the unusual shock observed within a magnetic cloud on Oct 19, 1995. The situation is 

worse when the weak shock is quasi-parallel as this kind of shock is associated with strong wave 
activity making the identification of upstream and downstream MHD magnetofluid parameter 

difficult (e.g. Dec. 9, 1996). Some of the weak shock fittings result in multiple, equally likely 

solutions due to the large uncertainties. When no physical principal can be applied to rule one or 
the other solutions out, the ambiguity remains (e-g. Dec. 25, 1995, and Jan. 28, 1997). 

A final difficulty is posed by the presence of another MHD discontinuity nearby the shock. 

Due to the different propagation speeds of the various MHD discontinuities, it is inevitable that 
they interact in the interplanetary medium. Even though the probability to observe such an 
interaction is rather low, a number of cases have been observed where a discontinuity (usually a 
tangential one) was within the analysis interval of the shock. When the entities are too close to 

each other to obtain reliable undisturbed measurements in-between the shock fitting procedure is 

brought into question. Such was the case for the shocks on Sept. 26, 1996, Dec. 9, 1996, Feb. 9, 

1997, and May 20, 1997. These unusual encounters will require a separate and more detailed 
study. Figure 11 illustrates these conditions for the Dec. 9, 1996 shock, where a tangential 
discontinuity was observed at -18 : 48  : 10,  just two minutes before the observation of the shock 

clearly delineated by the lower resolution plasma data. The large amplitude pulsations in the IMF 
observations clearly indicate a relatively weak quasi-parallel. The R-H fitting technique results in 

a quasi-perpendicular solution but only because of the effect of the shock and the nearby TD 
cannot be separated in the analysis of the plasma data. 

5. Summary and Conclusions 

This paper presents the first summary of the results of IP shock analyses based on solar wind 

data from the SWE and MFI instxuments on the WIND spacecraft for the period from launch to 

May 3 1, 1997. A comprehensive dual-technique scheme, representing a new analytical 
philosophy, was developed which allowed us to make reliable shock parameter determinations 

and associated quality checks. The output parameters include shock surface normals, shock 

speeds, M,, eBn, and other relevant magnetohydrodynamic quantities; these are presented in 

Tables 1, 2 and 4. 



A by-product of the investigation is the finding, after various comparisons, that a judicious use 
of the traditional "parameter averaging methods" (part of the dual technique scheme) can be used 

with a high degree of confidence in most cases. To achieve that confidence, however, it is 

necessary to carefully choose the right time intervals up- and down-stream of the IP shock. This 

is achieved by trial, sometimes after many trials. For the right set of such time intervals at least 

two of the three average methods mc, vc, and AS were required to provide consistent shock 

surface normals within a small error cone angle (i.e., - 15" or less). In using these techniques we 

set this constraint, and also checked that there were only small violations of the R-H conditions 

(Equations 1 to 5). We also used the comprehensive method by Vifias, Scudder and Szabo (the 
other part of the dual technique scheme). This second method determines the asymptotic shock 
parameters through a non-linear solution of the R-H equations. This method has the advantage 

over the pre-averaged methods of being less dependent on the choice of the initial selection of 
the up- and down-stream intervals, because of the important interplay of the field and plasma 
quantities through the constraining equations. We evaluated the shock normals independently 

with the "averaging" and R-H techniques, and later compared the results for each shock. We 
found agreement within experimental uncertainty for 213 of the cases (28 out of 42 shocks), but 
in the other 113 of the cases, to obtain an acceptable final solution, a more involved coordination 

of results of the two methods was required. We found that in approximately half of these (113) 
cases an acceptable normal was found using the more traditional averaging methods in the way 
described above. In the other cases the R-H method was the one that apparently provided the 

best results. Difficult to analyze IP shocks were listed and briefly discussed (Section 4); these 

were usually the result of non-steady input quantities. 

There was a reduced number of fast IP shocks for many months centered around April 1996, 

which was near the minimum in ultraviolet radiance from the Sun. Also the shocks observed at 
solar minimum appeared weaker when measured by magnetosonic Mach number. A higher 

frequency of occurrence and a larger variety in shock strengths were observed before and after 
1996. Most reverse shocks, associated with CIRs, were strong. The strongest shock observed of 

all those studied was a fast forward IP type just upstream of the magnetic cloud of October 18 - 

19, 1995, and apparently was driven by the cloud. 

We note that the shocks analyzed here cover more than two years near solar minimum. With a 
relatively quiet Sun it was possible to identify fast F and R IP shocks associated with CIRs and 

ICME (ejecta) separately; there was only one case of a F and R shock pair. Separations of types 

of the shock normals indicated that F(R) IP shocks during the solar minimum concentrated in a 

region in azimuth between approximately 1700 and 210" (0" and 30") but also extended further 

eastward (westward) covering the following azimuthal regions: 115" < (p,,, < 225" for the F 



cases and - 53" < e,,, < 45" for the R cases. (Figure 7). 

A Poisson distribution F(r(@,,,),h) of the distribution of the azimuthal directions for the F 
shocks, with a characteristic parameter h = 1.55 and @,,, = 220k10° (Equation 13), was shown 

to fit the azimuthal directions very well. The Poisson fit (Figure 8) to the orientations of the 

shocks with this value of @,,, would suggest strong hindrance to shocks propagating upstream 

of a rather tightly winding Parker spiral. For CIRs the distribution of F shocks peaks at <(p,,,> 

- 1940. If this value of <(p,,,> for CIRs holds for a larger statistical set, it may indicate that CIRs 

that develop shocks at 1 AU are more tightly wound up than the average IMF at 1 AU having an 

azimuth of 45" from Parker theory (see e.g., Cravens [1997]). This value of <(p,,,> - 194" is 
closer to the azimuthal value of (p,,, - 2160, corresponding to a winding field azimuthal angle of 

-360, given by the Acufia and Whang [I9761 solar wind model, instead of the 450 winding angle 

of Parker. 

The direction of the shock normals also peaked in, or near, the ecliptic plane, but some normals 
were observed to be broadly dispersed in latitude (-75" < e,,, < 70"). All 8 shocks of unknown 
origin (i.e., not clearly driven by either CIR's or transients) had large inclinations with respect to 
the ecliptic plane (<leGSE )> = 40°), with only two cases occurring at lower and more moderate 
inclinations of approximately k 20". 

The accurate determination of the eBn angle is important for many studies. The characterization 

of the type of shock based in its obliquity angle eBn depends on the accuracy of its determination, 

which obviously depends on the accuracies of both the estimated shock normal and the relevant 
upstream IMF. Often a non-steady state upstream IMF occurs making a good <IMF>-estimate 
unlikely or difficult, as emphasized in section 4. In our overall set of shocks as many as 10 cases 

(23%) had excellent estimates of €IBn; others range from poor to good (31% for each). [It is 

important to point out that the uncertainty on the estimate of eBn is often more strongly 

dependent on the uncertainty of the estimate of the upstream IMF to use (which depends on the 

fluctuation/discontinuity content of the IMF) than on the uncertainty of the normal.] By 

obtaining these 10 excellent estimates of €IBn we hope, for example, to enable studies toward a 

more complete understanding of particle acceleration mechanisms at IP shocks, where accurate 

values of €IBn are crucial. Future studies using multiple spacecraft observations of IP shocks 

should help to increase the number of such excellent estimates of this important quantity, as well 

as many other improved shock parameter estimates. 

The determination of the basic magnetohydrodynamic shocks parameters presented here may 



facilitate the use of these shocks to further current efforts to better understand processes like the 

differentiated heating of minor ions; wave activity at quasi-parallel shocks; origin of the type-2 

radio emissions; particle-energization; and other current topics of interest [see e.g. Berdichevsky 

et al., 1997; Gonzalez-Esparza et a]., 1996; Thejappa et al. 1996, 1998; Lengyei-Fey et al., 1997; 
Giacalone et al., 1997; Baring et al., 1997; and references therein]. 
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A ~ ~ e n d i x  A 
A description is presented of the shock normal recipes used with the pre-averaged 
methods. 
In the determination of the magnetic coplanarity nonnal 

(Bu - Bd) x (Bu x Bd) 
"" = I (Bu - Bd) x (Bu x Bd) l 
we avoid divide by zero, a common problem for perpendicular and parallel shocks, using 

the auxiliary vectors 

t, = 
Bu x Bd 

IBullBdl 
which is perpendicular to the coplanarity plane and 

(Bu - Bd) 
tt = JW,l 

defined along the direction tangent to the shock plane [Abraham-Schrauner and Yun, 19761. 
This allows the determination of n,, using the following unique set of two linear and one 
quadratic equations: 

This system can be easily solved by expanding (A4) in any orthogonal system of 

coordinates. 

The velocity coplanarity normal is evaluated using directly 
Vd - Vu 

nvc = IVd-VuI 
(Vd-Vu) is defined in the coplanarity plane [Abraham-Schrauner, 19721. 
For the Abraham-Schrauner method there are several expressions to choose from 
[Abraham-Schrauner and Yun, 19761. Our choice is 

n,, = w/lwl 

with 
(Bu-Bd)x(Buxnv~) + (Bu-Bd)x(Bdxnv~) 

W =  ( I  (BU - ~ d )  x (BU x ~ V C )  I I (BU - ~ d )  x ( ~ d  x ~ V C )  I 1 
This expression for n,, is symmetric in the IMF upstream and downstream vectors. It 
also takes into account via (A5) the change in the direction of the plasma flow caused by 
the shock. This is evaluated using the same technique presented above for n,,. 



Appendix B 

For those cases where OBn f 0 the error in BBn [= cos-'(n Bu,,/Bup)] is evaluated via a Taylor 

expansion which assumes that the uncertainty a(n B,JB,,) is small. In this way we obtain the 

relationship 

with 

where AII includes the uncertainties associated with the Rankine-Hugoniot conditions (Equations 

1 to 5) and its dependence on the selection of the upstream and downstream time intervals. AB is 

given by the fluctuations SB around its mean value for the upstream region used for the 
derivation of n, as indicated in Table 1 plus the experimental uncertainty EB, which in most cases 

is much smaller than SB. For the special cases when OBn = 0, an ensemble of solutions Ogn is 

used, and the value of 0," is the standard deviation from the mean value, evaluated for the 

ensemble of solutions used in the determination of AIL 
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Notice that the shock normal points upstream of the shock; mc = magnetic coplanarity, vc = velocity coplanarity, AS=Abrahm-Schrauner 
' A B B ~  evaluated using the root mean square standard deviation for a distribution of solutions, {e~n), see Appendix B. 

Table 1 : (continuation) 
Sh. Year Date/Time intervals 
No. MMDD hhmn upstream dwstream 

28 96 1212 1000 0952-0958 lo(-)o-lo&j 
29 96 1219 1850 1814-1843 1910-1941 
30 97 1/100052 0030-0042 0055-0104 
31 97 1/28 0854 0855-0901 0847-0853 

---------I----------------- 

0855-0901 0847-0853 
32 97 219 1250 1242-1246 1300-1304 
3 3  97 313 1235 1233-1239 1258-1304 
34  97 3/201910 1927-1939 1948-2000 
35 - - 97 3/23 0821 og00-ogl8 0824-0836 
36 97 4/10 1255 1240-1245 1259-1302 
37 97 4/11 2052 2100-21 15 2047-2055 
38  97 511 1205 1148-1200 1206-1212 
39  97 5/15 01 15 0048-01 12 01 15-0121 
40 97 5/20 0512 0448-0500 05 12-0524 

shock normal V, relative to up IMF B lBupl Agreement 
Qn On SW [km/s] and 6, 

%I 8Bn within 515" 
in ["I [GSE] shock type in ["I [GSE] [nTl bw. shock n 
169k3 2122 6 0 ~ 7  F 1 4 9 ~ 3  3 6 ~ 1 0  4.7,*0.6 24k5" vc, AS 
188*2 - 4 ~ 5  4 0 ~ 2 0  F 164i19 26i27 2.2,*0.8 34*17"? mc, AS 
196*6 -32i5 75*8 F 161*4 8*7 2 .2~0 .3  5 3 ~ 9 "  nlc, vc, AS 

2 5 ~ 2 0  -60k10 171*20 R 3.3*12 44*9 5.8i0.7 - - - - - - - - - - - - - - -  70*20° poor, vc=mc 
1 4 ~  15 -80+10 165g2n- 3 3 * 1 2 4 4 ~ 9  5.gg03- - - 56*2C- i&F, - - 
172*2 522 114*12 F 204*9 301tll 3.620.6 3928" mc, vc, AS 
184i1 -1Oi1 77*5 ]F 3 4 8 ~ 6  2 9 ~ 8  4.5k0.5 24*9" mc, AS 

194k1 52k0.5 53*4 F 7 2 ~ 2  29*8 3.1 k0.4 84+2" vc, AS 
205+20 65 i8  72st12 291*lb/ -2Ok24 2.0k0.6 7 3 i  12" mc, vc, AS 
160+5 51*3 91210 F 330*20 45;t12 7 . 0 d  .5 85*4 vc, AS. 
34*1 2 7 i l  5 5 ~ 6  R 9 1 ~ 2  -381t9 4.9k0.6 15-90" vc, AS 

215210 4 5 ~ 6  64+7 F 14k0.5 -1 1 ~ 3 2  2.0k0.8 4 3 ~ 2 0 "  mc, vc, AS 
208k0.5 - 1 9 ~ 1  121+10 F 1 1 3 ~ 2  -17k5 7.2i0.5 84-90" VC, AS 
1 6 6 ~ 5  - 2 6 ~ 3  5 9 ~ 5  F 142*9 -281tl1 3.4k0.8 13*4"? mc, As 



Table 2: Final solution to the shock problem 
(pre-averaged methods and non-linear solution to the R-H shock problem) 
Sh. Year Date shock shock normal Vs 8Bn 

No. MMDD 
Type $n 8n (UP) (UP> 

in CO1 GSE krnls 

- -- 

13 95 10118 F Q//? 2 0  - 9 ~ 7  11&20 0-85" 
14 95 10119 F Q I  128 21 137i5 88-90" 



Table 2: (continuation) 

Sh. Year Date shock shock normal Vs 8Bn 

No. MMDD 
Type on 8n (UP) (UP) 

in ["I GSE kmls 

22 96 412 F 01 156+24 55+7 5Oi15 7 4 ~ 3 '  

31 97 1/28 R Q l  -2*4070*15 150k60 70i15O 

32 97 219 F 011 196226 5*5 115~13 59i28' 



Table 3. Statistical results R-H shock ~ararneters 
Mean IP shock I 
properties 
IVI relat. up region 
Vx GSE. 
Vy GSE 
Vz GSE 
Ms (magnetosonic) 

k s E n  (azimuth) 

The definition of the quantities (Q) are given in column 1, and for their respective distribution of values Columns 2 to 7 present the 

All IP shocks 
90 *40krn/s 

- 426 & 81 km/s 
- 2 *42km/s 

O,,,, (latitude) 

mean <Q> plus/minus the standard deviation o(Q). 

0 k48  km/s 
1.44M.35 

F IP shocks 
78 *28km/s 

- 397 k 63 kmls 
- 16 -e30km/s 

8 ~ 3 2 "  

5 1 3 7  km/s 
1.39k0.34 

185*23" 

R IP shocks 
145 l t42kds  

- 524 56 kmls 
35 ~ 4 3 k m / s  

13~30" 

- 

7 i 7 l k m / s  
1 -66M.345 

9+31° 

CIR driven (F) 
72 i23krn/s  

- 382 * 42 k d s  
- 24 ~ 2 7 k m I s  

b37" 

t. driven (F) 
91 ~ 2 6 k d s  

- 412 k 84 km/s 
- 6 a3lkmIs 

14 st48kds 
1.125k0.08 
1 80i3O0 

- 

13 i3 lkm/s  
1.3 1M.26 
193~t23" 

22*30° 

Unknown driver 
57 *lOkm/s 

- 380 + 43 krn/s 
2 +, 30 km/s 

8 i 7 l k d s  
1 A6iO.40 
175k21° 

2k29" (<lBl>) 4 h  1 5" 



Table 4a: (strong shocks) 
Sh. Year Date Vs [Earth Sys.] V f l ,  Ms 
No. MMDD km/s [GSE] U P  U P Driver 

vx vy vz 
1 94 1 215 -443. -76. 25. 2.4 1.8' CIR 
3 95 314 -474, -8, 33 2.6 1.5, MC 
4 9 5 3/12 -582, -17, 124 2.8 1.8 CIR 
5 95 3/23 3.6 1.8 t ? 
6 95 4/7 3.4 2.0' CIR 
7 9 5 512 2.1 1.6' CIR 
8 9 5 5/24 2.3 1.6 CIR 
9 95 6/26 -429 77 -47 3 .O 2.0 ' CIR 
10 9 5 7/24 - 15 6.5 1.9 t? 
13 95 10118 -408, -36, -18 24. 2.4 MC 
15 95 10122 3 .O 1.9' t 
27 96 9/26 2.4 1.5 ' CIR 
3 0 97 1/10 -439, -31, -18, 4.2 1.5 MC 
3 1 97 1/28 2.4 1.8 CIR 
3 2 97 2/9 3.4 1.7' t 
3 3 9 7 315 -393, -17.. -24. 3.7 1.6 ' CIR 
3 6 97 4/10 - 2.2, 1.45 t 
3 9 9 7 511 5 -422, -70, -58 3.8 2.15 MC 

CIR = Corotating interactive region; MC = Magnetic Cloud; t = other transient 



Table 4b: (weak shocks) 
Sh. Year DateITlme Vs [Earth Sys.] VJV, M, 
No. MMDD hhmm km/s [GSE] UP U P Driver 

vx v y  vz 
2 9 5 111 - 76 -10 9 3.2 2.3 CIR 
1 1  9 5 8/22 -381.,12.,44., 3.1 1.45 * 
12 95 8/24 - 2.4 1 -4: CIR 

MC 

14 95 10119 -467.. 72., 52. 1.45 1.3 ? 
16 95 11/27 1 -84 2.5 1 .Os ? 

9 5 17 12/15 24 -1 3 -. 2 0.95 MC 
18 9 5 12/24 -416 -85 -54 2.6 1.4 CIR 
19 95 12/25 - - 7 1 5.3 1.4 CIR 

- 
2 0 96 2/6 391 -11 7 1.7 1 -03 CIR 

96 2 1 U2 1 -422 -3 20 2.2, 1.0, ? 
22 96 412 9 45 3.3 1-1 2  ? 
2 3 96 4/3 22 2.4 1.1 ? 
24 96 418 -318 -49 49 2.3, 1.2 CIR 
25 96 611 8 1.5 1.1 ' CIR 
26 9 6 7/28 355 -32 -22 3.0 1.2-1.4 CIR 
2 8 96 1 212 29 -11 15 2.4 1.2' t? 
29 96 1 U9 - 1 CIR 
3 4 9 i 3/20 - 43 3.5 1.1 ? 
35 97 3/23 -378, -14, 53 4.2 1.4 CIR 
3 7 9 7 411 1 510 46 27 1.5 1 t? 
3 8 97 51 1 - 43 5.4 1.25 ? 
40 97 5/20 -344 16 -32 3. 1.2 t? 
4 1 97 5/25 2.3 1.2 ? 
42 97 5/26 - 39 -10 -36 3.6 1.25 t 

CIR = Corotating interactive region; MC = Magnetic Cloud; t = other transient 



Figure Captions 

Figure 1. (a,b,c for April 7, 1995 [Shock no. 6 in Table 11 and June 26, 1995 [Shock no. 91 and 

June 18, 1996 [Shock no. 251, respectively) Histograms of shock normal directions based on 

three different analysis methods in terms of longitude (or azimuth, (p,) and latitude (0,) for many 
chosen analysis-intervals for each of the events. The methods used in analyzing the shocks are: 

magnetic-coplanarity (mc), velocity-coplanarity (vc), and the Abraham-Shrauner (AS) mixed 

method. 

Figure 2. Examples of R-H fit results (solid lines are the asymptotic solutions with 16 error 

estimates shown by dotted lines), superimposed on the data employed. For June 26, 1995, 
reverse (a) and June 18, 1996 forward (b), shocks. Shown are (in order from top to bottom) : (1) 
N,, proton number density, (2,3,4) Vx,y,z(GSE) components of the solar wind bulk speed, (5) 

thermal speed, and (6,7,8) the Bx,y,z(GSE) components of the IMF. Note the close agreement 
between the measurements and fit results. 

Figure 3. Confidence regions for R-H shock normal fittings. Panel a) shows 1,2,3, and 4 sigma 

regions around the best fit normal of the 1995 June 26 shock. Panel b) shows the same 

confidence regions for the 1996 June 18 shock illustrating that uncertainties might by distributed 

anisotropicaly. The unit sphere with the pole along the GSE x axis and the prime meridian in the 
GSE Y direction, represent the locus of possible shock normal directions. For stable solutions the 

confidence regions are small and show an approximately concentric area around the best fit 

solution, as in case (a). 

Figure 4. The longitude (9, top panel) and latitude (0, bottom panel) of the estimated IP shock 
normals vs. time for the p-average technique (open triangles) and the R-H method (closed 

inverted triangle). In general the two techniques agree quite well. 

Figure 5. (Open circles): A comparison of the resulting shock normals from the "averaging" (p- 

ave) method and Rankine-Hugoniot (R-H) fitting method in terms of the cosine of the angle 

between the normals (i.e., q,,, n,.,). (Notice that on the right side is shown the corresponding 
angles.) (Closed circles): A similar comparison of the sum of the cosine of the angle between the 

normals and the (assumed positive) error in their estimates (i.e., ~(n,,,, n,-,)); note that the 

closed circles are necessarily higher than the open circles. 

Figure 6. (a) Distribution of shock speeds, i.e., magnitude of shock velocity with respect to the 
upstream solar wind bulk velocity. (b) Upstream magnetosonic Mach number (M,) vs. time 
showing an unexplained dip for about 6 months centered at early April 1996; the intervals 



between adjacent tick marks on the horizontal are about 2 months long. 

Figure 7. Polar distribution of the shock surface normal (n) orientations projected into the 

ecliptic plane (GSE coordinates), for forward (F) and reverse (R) shocks separately. The arrows 

indicate the average direction of the F (pointing approximately left-ward) and R (right-ward) 

cases. Notice that only the x,y projections (i.e., into the Ecliptic plane) of the normals are 

shown, i.e., <n,,(F)> = < n o >  - <n,(F)>, and likewise for the reverse (R) shock normals. 

Notice also the paucity of cases in the extreme dawn and dusk directions. 

Figure 8. Histograms of GSE longitude ((p) for Forward (F - panel a) and Reverse (R - panel b) 

shock normals. Similarly (in panel c) a histogram of latitude (e) of all of the interplanetary shock 

normals. The striped area represents the shocks associated with CIR's and the dark areas are 

those shocks driven by transients. The inverted triangles are the result of a least-squares fitted 

Poisson distribution (see text). 

Figure 9. Histogram of longitudes ((p) and latitude (0) for forward (F) IP shock surface normals 

(n) for the cases of: (Top) those driven by CIR's: (Middle) those driven by transients such as 
magnetic clouds; and (Bottom) those for whom the dnver or origin is unknown. 

Figure 10. (Top panel): Histogram of the angle between the shock normal and the upstream 

magnetic field direction, €IBn. (Bottom panel): €IBn VS. magnetosonic Mach number (M,). 

Figure 11. An example (December 9, 1996) of a pulsation shock in terms of (in the top three 
panels): 3 s averages of the magnetic field, where IBlis field magnitude, and cp, and e, are the 
longitude and latitude angles of the field, respectively, in a GSE Cartesian system, and (in the 
bottom three panels) 92 s spaced -15 s plasma quantity averages: Np is the proton number 
density, IVlis the solar wind speed, and V, is the proton thermal speed. The vertical dashed line 

indicates the estimated position of the shock ramp. 
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