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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 fewinterplanetary 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 tomonitor 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 beobservatory 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 thatan 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 models1-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 anactivity 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 PointsImportant Points
• Magnetospheric activity is mainly driven by the solar wind dynamic pressure 

d l t i fi ldand 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 accurateafter 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 parameterso a ous ag etosp e c pa a ete s



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

universal solar wind magnetosphere coupling function inferred from 10universal solar wind-magnetosphere coupling function inferred from 10 
magnetospheric state variables, J. Geophys. Res., 112(A1), 1-16.

A lit t h b• A literature search by 
Newell shows a variety 
of coupling functions that 
have been related tohave been related to 
geomagnetic activity

• The solar wind variables 
included in these are: Bincluded in these are: Bz 
(Bs), By, (Bt), V, ρ (n, M), 
θc

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



Two new solar wind-magnetosphere 
coupling functionscoupling functions

Newell, P. T., T. Sotirelis, K. Liou, C.-I. Meng, and F. J. Rich 
(2007), A nearly universal solar wind-magnetosphere 
coupling function inferred from 10 magnetospheric state 
variables, J. Geophys. Res., 112(A1), 1-16.
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Supplementary Relations for 
B k F lBorovsky Formula

• Needless to say – the Borovsky formula is NOT intuitive!
• It is difficult to see how VBs can work as well as it does if this is the• It is 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• Short delays in processing data into calibrated values in 

GSE coordinates
• Model to propagate measurements to bow shock and 

t t GSM di t t if dconvert to GSM coordinates at uniform cadence
• Model to transfer data through the magnetosheath to 

magnetopauseg p
• Optimum coupling functions for different indices
• Empirical or physics-based models of magnetospheric 

activityactivity



An Empirical L1 to Bow Shock ModelAn 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 IMFtime 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• Run magnetospheric model to predict a useful quantity



Solar Wind Propagation Delays
Phase Fronts in the Solar Wind

• The interface between two flux 
tubes is assumed to be a planar 
interface on the scale of the 
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A Possible Structure of Solar WindA Possible Structure of Solar Wind
• Postulate that the solar wind 

i t f lti l dj t
Local B

consists of multiple adjacent 
flux tubes roughly aligned with 
the Parker spiral

• At any instant the direction of a Bruno et al. [2004]Bruno et al. [2004]
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Weimer, D. R., and J. H. King (2008), Improved calculations of interplanetary magnetic field phase front angles 
and propagation time delays, J. Geophys. Res., 113(A1), 1-14.



Comparison of Prediction with OriginalComparison of Prediction with Original

• The IMF driver VBs is 
l d i d 400

Comparison of Observed and Predicted AL Index

plotted at top in red.
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VBs to AL Filters for 1998 to 2006VBs to AL Filters for 1998 to 2006
• Use magnetic field and plasma 

observations from ACE 
t d t b h kpropagated to bow shock

• Identify all CIR stream 
interfaces from 1998 to 2006 2.5

3
Response of AL Index to Ey during CIRs for 1998-2006

• Create input and output 
ensembles with rows for every 
interface 1.5
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• For yearly intervals calculate 
linear prediction filters as 
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Inadequacies of the L1 to Earth ModelInadequacies 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 
St tStructure

• IMF at four spacecraft 
on May 24, 2000

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

• We do not expect any p y
model can predict the 
correct magnetosphere 
from ACE data in this 
casecase





Are the Fluctuations of IMF Predictable?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 

d d b i t fproduced 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!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 y p p y
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 

id b bili i i f dprovide probabilistic estimates of expected response



Cumulative Probability of IMF-gse-BzCumulative Probability of IMF gse Bz
• Use 394 CIRs to 

obtain cdfs of Bz as 
function of time

Ensemble of OmniMin All-Bz-GSE for 1995-2006
8function of time 

relative to stream 
interfaces
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Autospectra of IMF-BzAutospectra of IMF Bz

• Use 347 stream interfaces 
from 1995-2007

• Take 24 hours centered on 
day before and after 

10
6

Spectrum of gse Bz for Different Days Relative to Stream Interface
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Waiting Time Distribution for IMF BzWaiting Time Distribution for IMF Bz
• The waiting time distribution 

for IMF Bz changes relative to 
a CIR are shown here Probability of Southward Interval of Given Durationa CIR are shown here

• A list of 394 stream interfaces 
from 1995-2006 is used to find 
the probability that an interval 
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Surrogate Time Series and Probabilistic 
F ti f S W thForecasting of Space Weather

• A surrogate time series is one generated from random g g
numbers that has a given set of statistical parameters 
such as probability density function and auto spectrum
Th ti b d fi d b li t l i b• 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
Th bl f t t b d t i• 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 timeg



A Probabilistic Forecast of the Ap IndexA Probabilistic 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 
th d i df
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For Forecasting 
M h i Ph i i N dMagnetospheric Physicists Need …

• Significant lead time in predicted properties of wind & IMFg p p p
• 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 plasmatemperature, and composition of the solar wind plasma 
• 1-min samples of the IMF vector
• Assurance that the properties predicted at subsolar bow p p p

shock are appropriate to entire magnetosphere





Forecasting from Measurements at SunForecasting from Measurements at Sun

• Observations of photospheric magnetic field and structures emitted 
f Sfrom Sun

• Conversion of field to boundary conditions of a solar wind model
• Propagation of the observed solar conditions to the Earth’s bow 

h kshock
• Quantities needed at Earth:

– Velocity, density, temperature
Vector magnetic field– Vector magnetic field

– Composition (fraction alpha)
• Quantities currently predictable to some degree

Speed– Speed
– Field magnitude
– Field polarity

CME and CIR arrival times– CME and CIR arrival times



An Old Coupling Functions Driving 
M t h i A ti itMagnetospheric Activity

• What coupling functions p g
do we use?
– Dynamic pressure

Rectified solar wind electric

2nMVpdyn =
– Rectified solar wind electric 

field or merging electric field

• What does dimensional 
sy VBE =

( )sin2 θVBEanalysis say?
– If we are using an energy 

output as an index of 

( )2sin θ
Tm VBE =

activity we should use an 
input with the same units sdyny VBpE 61=


