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Abstract

Magnetospheric activity is driven by the solar wind dynamic pressure and
interplanetary magnetic field. The time constants for this activity vary between a few
minutes and a few hours. An accurate prediction of the behavior of various
magnetospheric parameters requires data at higher resolution that the shortest time
constant. Near the Earth empirical and MHD models of the magnetosphere normally
use data at one-minute cadence. To obtain this time resolution it is necessary to
monitor the inputs 250 Re upstream of the Earth at the L1 point. When propagated to
the Earth such measurements provide 30-60 minutes advance warning. The best
empirical L1 to Earth propagation algorithm provides quite accurate values at the bow
shock most of the time. Additional lead time would require a solar wind monitor
further upstream along the Earth-Sun line. This would be a difficult and expensive
observatory to maintain. The further upstream the monitor the less likely it would be
that the propagated measurements represent what arrives at the Earth. Even more
lead time could be provided by remote observations of the Sun used to initialize a
solar wind model. Currently the spatial resolution of MHD models that attempt to do
this is 500 Re corresponding to 2 hours of solar wind travel. Empirical models have
an even lower time resolution of approximately nine hours. It is a near certainty that
such models will never be able to predict the detailed wave form of IMF Bz at the
Earth from solar observations and MHD models. The waveform of Bz is a result of
many processes both at the Sun and in the intervening solar wind. Waves and
structures moving through the solar wind cause the median time between reversals of
1-minute Bz to be only 4 minutes. There is hope, however, that MHD models
initialized by observations from a ring of spacecraft around the Sun, and ahead and
behind the Earth in Earth orbit, could provide global descriptions of structures such as
CIRs and CMEs. Knowledge of the arrival time of these structures could be combined
with climatology of these structures to provide an ensemble of possible drivers of
activity associated with the structure. From this climatology it is possible to create an
ensemble of surrogate time series to drive a model. For each member of the
ensemble a different sequence of activity would be created. These could be
combined to provide an estimate of the probability that an important parameter will lie
in a given range of values.



Important Points

Magnetospheric activity is mainly driven by the solar wind dynamic pressure
and electric field

These quantities require high time resolution measurement of the solar wind
at the magnetopause to provide good input to empirical and physics-based
models

Measurements at L1 must be propagated to magnetopause by some model
to provide 30-60 minute lead time

Additional lead time would require observations from further upstream which
after propagation are not likely to be accurate

It is unlikely that any model based on solar observations will ever be able to
accurately predict the IMF Bz at the Earth

The only hope is to predict the arrival of structures and to use climatology of
these structures to provide an ensemble of possible drivers as input to
models

The ensemble of possible outputs provide a method of probabilistic forecast
of various magnetospheric parameters



Historical Coupling Functions

Newell, P. T., T. Sotirelis, K. Liou, C.-l. Meng, and F. J. Rich (2007), A nearly

universal solar wind-magnetosphere coupling function inferred from 10
magnetospheric state variables, J. Geophys. Res., 112(Al), 1-16.

A literature search by
Newell shows a variety
of coupling functions that
have been related to
geomagnetic activity

The solar wind variables
iIncluded in these are: B,
(BS). By, (B). V., p (n, M),
o

Combinations of these
variables include:
Poynting flux, electric
field, dynamic pressure,
clock angle

Table 1. Twenty Candidate Solar Wind-Magnetosphere Coupling
Functions and Their Origins in Roughly Historical Order

Name Functional Form Reference
B. B. Dungey [1961 |
Velocity v Crooker et al. [1977]
Density n
p nv-/2 Chapman and Ferraro [1931]
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This paper




Two new solar wind-magnetosphere
coupling functions

Newell, P. T., T. Sotirelis, K. Liou, C.-l. Meng, and F. J. Rich
(2007), A nearly universal solar wind-magnetosphere
coupling function inferred from 10 magnetospheric state
variables, J. Geophys. Res., 112(Al), 1-16.

R=dd,, /dt =V**BZ*sin®}(g, /2)

Borovsky (2008), The Rudiments of a Theory of Solar-
Wind/Magnetosphere Coupling Derived from First Principles,
Journal of Geophysical Research, in press.
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R = Reconnection rate and

P, 1S the mass density of the solar wind upstream of the bow shock,

V, is the velocity of the solar wind upstream of the bow shock,

C is the compression ratio of the bow shock,

B, is the plasma - S value of the magnetosheath plasma near the nose, and
M ... is the magnetosonic Mach number of the solar wind.




Supplementary Relations for
Borovsky Formula

A A

Bs = 3.2x107 My

C = {[1/4]" + [1/(1 + 1.38log(Ma))]°} "
Mns = Vo/ ((Bo/WopPo)t SPO/:,’po)l/2

Ma = Vv, (Mopo)1/2/ B, )

 Needless to say — the Borovsky formula is NOT intuitive!
e |tis difficult to see how VBs can work as well as it does If this is the

correct relation



Forecasting from Measurements at L1

Continuous measurement of plasma and magnetic field
Continuous real time communication with Earth

Multiple downlink stations with interconnectivity to central
database

Short delays in processing data into calibrated values in
GSE coordinates

Model to propagate measurements to bow shock and
convert to GSM coordinates at uniform cadence

Model to transfer data through the magnetosheath to
magnetopause

Optimum coupling functions for different indices

Empirical or physics-based models of magnetospheric
activity



An Empirical L1 to Bow Shock Model

Start with calibrated measurements in GSE coordinates at
clock cadence (1-minute)

Use Modified Minimum Variance Method to calculate arrival
time at Earth of each sample of solar wind and IMF

Sort delayed samples according to arrival time at bow shock
Interpolate arrival times to clock cadence

Transform to GSM coordinates

Calculate coupling functions from propagated data

Run magnetospheric model to predict a useful quantity



Solar Wind Propagation Delays

The interface between two flux

tubes is assumed to be a planar ____ PhaseFrontsin the Solar Wind
interface on the scale of the _

distance between L1 and Earth 0 A

The interface is characterized by ~ 2°f

its normal n

In a time 4t the solar wind
convects the interface along the
normal displacing it by an amount = sof

(., - )at
The separation of the two
spacecraft along the normal is | aater Y

P J— P .ﬁ -100k 1 1 1 1 1 1 1 1 1 -
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Equate these distances to obtain Ygsm(Re)
the time delay
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A Possible Structure of Solar Wind

Postulate that the solar wind
consists of multiple adjacent
flux tubes roughly aligned with
the Parker spiral

At any instant the direction of a
flux tube is determined by the
mean field

As the monitor passes from
one flux tube to another due to
solar wind flow the field rotates
slightly

In a short interval this rotation
Is about an axis orthogonal to
the mean field

The axis of rotation can be
found by minimum variance
analysis of the magnetic field
orthogonal to the mean field

B,(t) = (Bt)- (B))8)
éL(ti) = é(ti) - é||(ti)
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Convection Delay

MVABO/Cross Product Delay

PHEDICTED IMF LAG FROM ACE TO WIND ON 19993’07!02
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Comparison of Prediction with Original

The IMF driver VB, is

plotted at top in red. 400

300

The original AL index
Is shown below in blue.

100F

The linear prediction is
shown in black.
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VBs to AL Filters for 1998 to 2006

Use magnetic field and plasma
observations from ACE
propagated to bow shock

Identify all CIR stream 3
Interfaces from 1998 to 2006 o5

Create input and output
ensembles with rows for every
Interface

For yearly intervals calculate
linear prediction filters as
function of epoch time

Response

The weakest coupling occurs
In the day centered on the
interface

Response of AL Index to Ey during CIRs for 1998-2006

Y A ST T T T ATTTTTTTTTTTTTPITTIP T

i H H H H
-60 0 60 120 180 240

Lag (minutes)



Inadequacies of the L1 to Earth Model

The current model is based on the assumption that all changes in
IMF are produced by tangential discontinuities

The current model does not have a physical basis for the problem of
compression and rarefaction of the solar wind associated with
changes in speed

The current L1 to Earth model fails when the speed is rapidly
changing, when the discontinuities in the solar wind are radially
aligned, or when the fluctuations orthogonal to mean field are
Isotropic

Also the solar wind sometimes contains small scale structures that
are observed by one solar wind monitor but not another

The response of the magnetosphere is very sensitive to differences
In the input to models of magnetospheric coupling



Small-scale IMF
Structure

IMF at four spacecraft
on May 24, 2000

Just after 10:30 ACE
differs radically from the
IMF measured by three
other spacecraft closer
to the Earth

We do not expect any
model can predict the
correct magnetosphere
from ACE data in this
case
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Are the Fluctuations of IMF Predictable?

The average IMF lies near the solar equatorial plane along the Parker
spiral.
The field fluctuates in all directions about the mean field

Fluctuations in the geoactive components (Bz & By) are frequent and
produced by a variety of causes

It is extremely unlikely any model will ever predict fluctuations of the
IMF from observations at the Sun yet these are the cause of
geomagnetic activity!

Climatology can be used to predict the statistical properties of the solar wind
and IMF as a function of time relative to reference times in structures

Prediction of structure arrival times by empirical or physics-based models
and perhaps some properties of the structures can improve the climatology

Generation of surrogate time series from climatology could be used to
drive an ensemble of possible inputs to models whose output would
provide probabilistic estimates of expected response



Cumulative Probabillity of IMF-gse-Bz

Use 394 CIRs to
obtain cdfs of Bz as Ensemble of OmniMin All-Bz-GSE for 1995-2006
function of time
relative to stream
Interfaces

Plot maps of the
deciles of the
dynamic cdfs

Fluctuations in Bz are
peaked at the
interface and are
elevated for two days
afterwards

Bz fluctuations after
the interface are
caused by Alfven
waves and are
amplified by the high
velocity to drive 5 -4 -3 -2 A 0 1 2 3 4 5
strong activity Epoch Time (Days)

All-Bz-GSE (nT)




Autospectra of IMF-Bz

Use 347 stream interfaces
from 1995-2007

Speé:trum of gse Bz for Different Days Relative to Stream Interface

Take 24 hours centered on 10° —= , :

~~~~~ — Day -1
day before and aiter Day +1
Interface
Create ensemble average ol . N WS
spectra with 694 degrees =z ;
of freedom per spectral £ T8 = 11180003
estimate s RN

. o 3 TN NSO SN . Mt ~ e

Day +1 has three times the 10 T W <
power of day -1 and a day al bl ar  br A

+1 -1.51 -1.23 -2.08 -2.90i
spectral break at 1.18 mHz -1 -1.43 -1.57 -2.01 -3.36,
as compared to 0.671 mHz 10° ; i

107 10 107 107

Frequency (Hertz)



Waiting Time Distribution for IMF Bz

The waiting time distribution
for IMF Bz changes relative to

Probability of Southward Interval of Given Duration
a CIR are shown here 15 ? : ? ? :
A list of 394 stream interfaces — Day -1

—— Day +1

from 1995-2006 is used to find
the probability that an interval
of southward field exceeds a
certain length

The distribution one day before
(red) a CIR is significantly

(6D, 6.23) :

—_
o

Percent Greater Than Abscissa

different than the dIStrIbution [5) IR DRTIEIE, RCH] NNITMEE WIS SETMETMETMITET DEIEIEIRETE RETEIREI
one day after (blue) :

(60; 3.65)
There are almost twice as :
many intervals of length one % 30 60 90 120 150 180
hour the day before a CIR Southward Duration (min)

than a day after



Surrogate Time Series and Probabilistic
Forecasting of Space Weather

A surrogate time series Is one generated from random
numbers that has a given set of statistical parameters
such as probability density function and auto spectrum

These properties may be defined by climatology, i.e. by
an empirical determination of the median and range of
values expected at a certain time in the solar wind

An ensemble of solar wind surrogates can be created
and used to drive a magnetospheric model

The ensemble of outputs can be used to give an
estimate of the probability a given parameter will lie in a
certain range of values as a function of time



A Probabillistic Forecast of the Ap Index

« The climatology of ap Ensemble of Ground All-ap for 1995-2006
relative to a stream
Interface is shown by
the contour lines In
the dynamic cdf

 One day before the
Interface there is a
50% chance that ap
lines in the range 5-
20 nT

 One day after the
Interface the
probable range is 15- _ : : _ _ S :
45 nT 5 4 3 2 4 0 1 2 3 4 5
Epoch Time (Days)




For Forecasting
Magnetospheric Physicists Need ...

Significant lead time in predicted properties of wind & IMF

Arrival times of solar wind structures
[CIR, CME, HSS, IPS, TD]

Characteristics of the arriving structures

One-minute samples of the vector velocity, density,
temperature, and composition of the solar wind plasma

1-min samples of the IMF vector

Assurance that the properties predicted at subsolar bow
shock are appropriate to entire magnetosphere






Forecasting from Measurements at Sun

* Observations of photospheric magnetic field and structures emitted
from Sun

« Conversion of field to boundary conditions of a solar wind model

* Propagation of the observed solar conditions to the Earth’s bow
shock

 Quantities needed at Earth:
— Velocity, density, temperature
— Vector magnetic field
— Composition (fraction alpha)

* Quantities currently predictable to some degree
— Speed
— Field magnitude
— Field polarity
— CME and CIR arrival times



An Old Coupling Functions Driving

Magnetospheric Activity
« What coupling functions
do we use? :
— Dynamic pressure Payn = NMV
— Rectified solar wind electric
field or merging electric field Ey = VB,
e What does dimensional
=2
analysis say? E, =VB, sin (%)

— If we are using an energy
output as an index of
activity we should use an E — pYVB
input with the same units y = PanVEs



