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Abstract.  Retrospective analyses of spacecraft anomalies, especially sur-
face charging, require information about the local plasma enviornment. Such
information is usually not available at geosynchronous orbit because most
vehicles lack appropriate sensors. We have constructed a nearly continuous
hourly database covering 4 plasma moments at geosynchronous orbit: den-
sity and temperature for hot protons and electrons. The 4 moments are pro-
vided for 24 hourly fiducial local time bins and cover the years 1990-2005.
We apply an ensemble of simple models to “fill in” the local time gaps be-
tween plasma measurements at geosynchronous orbit made by Los Alamos
sensors. Validation on artificial data gaps shows that the reconstruction has
rank order correlations ranging from 0.65 to 0.97, depending on which bulk
moment and local time. As a demonstration, we include a comparison of our
reanalysis electron temperature to on-orbit surface charging measurements
at a vehicle that lacks a plasma sensor. In additon to anomaly analyses, the
reanalysis database we have produced can be used to provide geosynchronous
boundary conditions for numerical simulations of the inner magnetosphere,

and temporal variations at a single location for statistical studies.
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1. Introduction

When evaluating spacecraft anomalies at geosynchronous orbit, one must often con-
sider the possibility of surface charging, which can lead to electrostatic discharges, which
in turn can lead to a variety of problems, including phantom commands in spacecraft
electronics [Purvis et al., 1984]. Retrospective analysis of spacecraft anomalies requires
information about the local plasma environment (e.g., electron temperature for surface
charging anomalies), which is not usually available since most geosynchronous vehicles
lack plasma sensors. Thus, there is need for some capability to exploit available plasma
measurements at geosynchronous orbit to determine conditions elsewhere along the orbit.

For scientific purposes, emprical and simulation studies of the formation of the ring
current and, more generally, of the transport of charged particles earthward from the
plasma sheet often require or benefit from plasma observations at geosynchronous orbit.
For example, numerous ring current simulations employ geosynchronous plasma measure-
ments as a boundary condition [e.g., Chen et al., 2005; Ebihara et al., 2005; Jordanova and
Miyoshi, 2005; Liemohn et al., 2005, and references therein]. Similarly, statistical studies
often prefer or require geosynchronous plasma measurements at a fixed local time rather
than in the rotating frame of the Earth [e.g., Borovsky et al., 1998; Thomsen et al., 1998].

Sensors built by Los Alamos National Lab provide in situ plasma measurements on a
series of geostationary vehicles first lanched in 1989 [Bame et al., 1993; McComas et al.,
1993]. The Magnetospheric Plasma Analyzer (MPA) consists of 6 particle detectors be-
hind spherical section electrostatic analyzer optics and is capable of measuring energy per

charge for electrons and ions with energies from ~ 1 eV to ~ 40 keV in 40 logarithmically-
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spaced channels. From these, bulk plasma moments are computed [Thomsen et al., 1999].
Here we concern ourselves only with the “hot” plasma, i.e., >100 eV, and with density
and temperature moments for electrons and protons (acually total ions). There is no
explicit ion species resolution, but the vast majority of the ions are thought to be pro-
tons. Corrections to the bulk moments have been attempted [e.g., Denton et al., 2005]
to account for Oxygen ions, but these have yet to be validated by comparison to a more
capable instrument during conjunction. We denote density and temperature by n and T
respectively, and the “hot” proton and electron moments are denoted by subscripts hp
and he, respectively; thus ny, is the hot proton density.

With measurements from up to 6 vehicles available at any time, the MPA data constitute
one of the most extensive plasma measurement databases in the entire magnetosphere.
Nonetheless, for many applications, the presence of 6 or fewer measurements is insufficient,
and some method must be found for interpolating between the sensors.

At present, statistical maps exist that can provide geosynchronous plasma conditions as
a function of Kp [Korth et al., 1999], Dst [Denton et al., 2005], super dense plasma sheet
event epoch time [Lavraud et al., 2005], storm epoch time [Denton et al., 2005], or solar
wind structure type [Denton et al., 2006]. Other efforts, in progress now, will provide
more detailed specifications of plasma conditions at geosynchronous orbit as a function of
recent solar wind measurements (Denton et al. and Lemon and O’Brien manuscripts in
preparation). We describe here a database of historical geosynchronous plasma parameters
interpolated from the MPA observations to produce a temporally and spatially continuous
“reanalysis” of plasma moments in 24 fiducial local time bins at hourly cadence for years

1990-2005.
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The term “reanalysis” is taken from the field of climate research. The “analysis” refers
to the output of some kind of climate or weather model. The “re-” prefix stems from the
fact that it is often the case that an initial analysis is performed near real-time, and a
later analysis, the reanalysis, is performed with better models and data as they become
available. For example, the NCAR/NCEP Climate Reanalysis Project [Kalnay et al.,
1996] uses a standardized numerical climate model and archived weather observations to
construct a 40 year history of global terrestrial weather. A preliminary effort has begun
for space weather, with emphasis on the ionosphere and upper atmosphere [Kihn et al.,

2002]. Ours may be the first attempt at reanalysis for any high altitude space weather.

2. Method

In order to “fill in” the local time gaps in the MPA measurements, we considered
various methods. One approach is to use the Kp or Dst models described in the previous
section, or a more sophisticated multi-variate method that combines Kp, Dst, and possibly
other magnetic indices [e.g., Fung, 1996]. However, these methods do not directly take

advantange of the concurrent MPA measurements availale at up to 6 local times.

2.1. Model Ensemble

We have chosen an ensemble approach. For a given target bulk moment and local time,
we construct an ensemble of simple empirical regression models. The regression models
are linear in log-log space, with the dependent variable being the target bulk moment at a
particular fiducial local time (e.g., ny, at local midnight). We try a variety of independent
variables for each model: Kp, F'10.7, and the very moment we are predicting at a different

hourly local time with a time offset up to 4 hours forward or backward. We thus have
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24 x 94+ 1 = 217 models for each target moment and local time. We would have 218
models but we exclude the degenerate model built from the moment itself at the same
local time at zero time offset. Considering 4 target moments and 24 target local times,
we have a total of (24 x 9+ 1) x 24 x 4 = 20,832 models altogether. Needless to say, we
will not be providing details of each model here.

To construct an individual model, we select those times when the target y and the inde-
pendent variable x are both available. We then perform a least-squares linear regression
of the logs of z and y, leaving out pairs with = 0 or y = 0. If there are not at least
365 x 2 valid pairs (i.e., the equivalent of 2 years of daily samples), we reject the model
as underspecified. Otherwise we apply the individual model to construct estimated g for
all the cases when x is available but y is not.

The Kp- and F'10.7-based models are available essentially all of the time. However, the
models driven by the plasma moments are only sparsely available. To determine which
model to use, we compute an in-sample linear correlation in log-log space on the data
used to build the model. For each time bin, for each target moment, for each target local
time, we determine the 3 available models with the best in-sample prediction efficiency
(r?). From these we compute a mean § and standard error &, where the mean is weighted

by the prediction efficiency.

2.2. Regression toward the Mean

Most models, ours included, tend to distort the statistical distribution of data by clip-
ping the extreme values in favor of values closer to the median. This resembles the
so-called “regression toward the mean” observed among human and plant populations by

Galton [1886], in which the offspring of individuals extreme in some attribute tend to be
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closer to the population mean in that same attribute. In our case, the “regression” occurs
because linear regression tends to treat extreme values as noise in favor of more likely
values near the population mean. As an example, Figure 1 compares the distribution of
the observations to those of the preliminary (raw) reanalysis for hot electron density at
0530 Local Time. The plot depicts the quantiles of the ordinate versus the quantiles of
the abscissa. The clockwise rotation away from the one-to-one line indicates suppression
of extreme values. In order for the reanalysis to accurately reflect the observed statistical
distribution of the data, the QQ plot must be corrected back to the red line.

To correct for the regression phenomenon, we consider the y values as preliminary, with
each local time k having cumulative distribution F(g*)). We determine such distributions

empirically by assigning F(y;) for the i smallest y as:

F(y:) = N1 (1)

Where N, is the number of valid samples of y. We adjust ¥ to obtain a final estimate 3

which has the same distribution as the measurements Fj,(y™*)):
(k KN (7 ok
i’ =(RY) (R®). (2)

Evaluation of the distribution functions F' and F away from actual samples is achieved by
linear interpolation. Extreme values of §(*) are truncated to be within the observed range
of y®). The correction from % to 7 introduces an adjustment error |§ — §|. We combine
the adjustment error with the standard error by taking the larger of the two, and report

a final error estimate &

~(k —(k ~(k)) =(k
19 = s (19— 5 ). ®

(2
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3. Validation

To validate the reanalysis we sequester data for out-of-sample testing. Before construct-
ing the ensembles of models, we artificially create data gaps in 5% of our measurements,
selected at random. We carry through our entire reanalysis with these artificial gaps, and
then compare the values produced by our reanalysis with the sequestered 5%. Figure 2
shows the out-of-sample rank-order correlation coefficient between the sequestered data
and the reanalysis. Rank-order correlation is computed by converting each value in a
sample to its rank order (or percentile) and computing the correlation between the rank
orders. This type of correlation measure is not affected by monotonic transformations,
like logarithm or equation (2).

The correlations are generally in the range 0.80-0.95, with hot proton density usu-
ally having the best correlation and hot electron temperature usually having the worst.
Correlations worse than 0.80 do occur, especially for electron moments near dusk. An
examination of these data indicates that the K'p and F'10.7 models, which are used exten-
sively for other local times and other plasma moments, have unusually poor performance
for electrons near dusk. Panels (a) and (b) of Figure 3 show scatter plots for representa-
tive best and worst cases. We see in panel (a) that the high correlation model has good
performance, over most of the range of the data, with greater scatter at large values. In
panel (b) we see that the data is clustered in two regimes. The histograms, panels (c) and
(d), show that both data sets make extensive use of Kp and F'10.7 models as well as recent
and local measurements. The poor performance in panel (b) can only be attributed to

poor correlation between the available data and the hot electron temperature near dusk.
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4. Results

The final product of our efforts is a nearly continuous specification of the 4 plasma
moments for 24 fiducial local times every hour from 1990 to 2005. Figures 4-7 show sample
intervals for each moment (Panels a-b). This interval included a high speed stream (500
km/s on 28-29 Nov) and two magnetic storms (Dst -50 nT on 27 Nov, and -60 nT on 1
Dec). Panels c-d depict the spatial and temporal correlations computed from the entire
observation data set and from the reanalysis.

In all of the Panels labeled (a) in Figures 4-7 there is some evidence of diagonal striation
associated with actual measurements influencing the reanalysis along the trajectory of
the vehicles, which are diagonal in local time versus time coordinates. There is also
some residual diurnal variation, most of which is attributable to actual variations in the
observations, as follows. In all of the sample intervals, there is a striking amount of
temporal variability in panel (b), even though the moments are being plotted at a fixed
location. To put this variability in context, actual measurements at the fixed location
are marked in red, and the minimum and maximum observations at any location for each
time bin are indicated in green. The measurements shown in red were those included in
the construction of the reanalysis, so the reanalysis is forced to match them. However, the
variability in the reanalysis (blue) whenever there is no local measurement is within the
range of the concurrent observations at other locations (green). In a statistical context,
we are concerned with the temporal and spatial correlation functions. The lower panels
(c)-(d) in each figure show that the reanalysis captures the temporal correlations with

somewhat more fidelity than the spatial correlations.
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We have thus produced a reanalysis that reproduces with high fidelity the frequency
distribution and temporal and spatial correlation structure. The quantitative accuracy of
the reanalysis ranges from 0.65 to 0.97, depending on the bulk moment and local time
of interest, with proton moments being generally more accurate than electron moments,

which experience their worst performance near dusk.

5. Discussion

There are many things our reanalysis cannot do. Foremost among them is alleviating
the need for multiple in-situ measurements of the plasma environment. The short spatial
decorrelation lengths of the plasma moments (and likely even shorter lengths for the
underlying fluxes), suggest that continued and vigilant monitoring is the only option for
the foreseeable future. Further, by construction, our reanalysis cannot be used to extract
new details (e.g., extreme values) from the observed frequency distribution of the plasma
moiments.

What can our reanalysis do that the observations cannot do? The relative value of
the reanalysis is greatest when (1) a complete specification at all local times is required,
or (2) a continuous specification at a fixed location is required, or (3) a specification is
needed at some longitude away from the LANL measurements. In the first case, we find
the boundary conditions for numerical simulations. In the second case we find statistical
analyses where we wish to separate spatial and temporal variability from the observation
record. Investigations from both categories abound in the literature. In the third case,
we find operational space weather applications.

What is the operational space weather application of our reanalysis? One obvious

application mentioned above is spacecraft charging: while individual spacecraft charge
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under different conditions, surface charging is thought to be well-correlated with the
ambient electron temperature [e.g., using the LANL MPA data, Thomsen et al., 1999;
Davis et al., 2003]. Our reanalysis can be used to infer the electron temperature at a
geosynchronous vehicle that lacks its own plasma or charging measurements. This can
be valuable for retrospective studies of suspected surface charging anomalies; although,
caution is warranted because actual surface charging has been shown to have spatial
decorrelation lengths even shorter than those reported in Figure 7 [Koons et al., 2006].
For example, INTELSAT 802, located at about 174°E is about 3 hours of local time (45
degrees) away from the nearest LANL vehicle. It carries a set of charge plate analyzers
(CPA) [Bogorad et al., 1995], of which the zenith sensor is known to best reflect the
presence of surface charging conditions on the night side (1800-0600 LT) [Ozkul et al.,
2001]. We have interpolated our hourly temperature reanalysis to the l-minute time
series of CPA voltages, using the nearest hourly local time and universal time value.
Figure 8 shows the cumulative distribution of CPA voltage when the local reanalysis hot
electron temperature is above and below 1000 eV (night side only). We see that when
The > 1000 eV, the surface potential exceeds -100 V more than half the time, whereas
when Tj,. < 1000 eV, the surface potential exceeds -100 V less than 7% of the time. At
-500 V, percentages are ~ 12% and ~ 0.4%, respectively. Thus, the reanalysis electron
temperature provides a reasonable indication of an elevated surface charging hazard.
Finally, we would like to explain why we have emphasized reanalysis, which is inherently
retrospective, as opposed to prediction. Most of the methods we have discussed here are
not explicitly constrained to retrospective analyses, and could be developed for near-real-

time uses, such as situational awareness. However, before an environment forecast can be
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actionable, it is usually necessary to establish a strong connection between the environ-
ment and anomalous behavior on the vehicle. Such connections nearly always arise from
retrospective studies of one or more anomalies experienced on the vehicle in question.
Thus, retrospective studies, and hence reanalysis, are an essential step in turning envi-
ronmental forecasts into actionable information. Also, for gaining physical understanding
of space weather processes, scientists primarily use retrospective analysis. In either case,
it is necessary to extract as much information as possible about the state of the magne-
tosphere from the limited spacecraft data available, and we would like to emphasize that

there is more to the study of space weather than forecasting and nowcasting.
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Q-Q Plot n,,, 0530LT
103

Underestimated
large values /4

—
2

Reanalysis (Raw) #/cm?
=

101
Overestimated
small values
10-2 » 2 »
102 10" 100 10! 102

Out of Sample Data, #/cm?
Figure 1. A quantile-quantile (QQ) plot comparing the distribution of unadjusted

reanalysis to observations for hot electron density at 0530 Local Time. The QQ plot
depicts the quantiles of the ordinate versus the quantiles of the abscissa. The clockwise

rotation away from the red line indicates suppression of extreme values.
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GEO Plasma Reanalysis Correlations
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Figure 2. Rank order correlation coefficient for out-of-sample reanalysis as a function

of local time for all 4 bulk moments.
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a) Sample Time Series for nhp at 0330LT
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Figure 4. A section of time showing the n;, reanalysis. Panel (a): reanalysis at all local
times. Panel (b) in-sample measurements (red) and the reanalysis (blue) at 0330LT on
the same time axis as (a). The green trace indicates the minimum/maximum observation
at any local time for each time bin. Panels (c) and (d) correlation versus ny, at time lags

and at other local times.

DRAFT September 1, 2006, 1:55pm DRAFT



O’BRIEN AND LEMON: GEO PLASMA REANALYSIS

X-20
a) Sample Time Series for Mo at 0330LT
(]
E
=
©
Q
o
-
-1.5 -1 -0.5
2
Iog10 Me (#/cm®)
«—
£
o
E
2
c
Nov-Dec 1995
c) Me Autocorrelation at 0330LT d) Me Crosscorrelation with 0330LT
—&— Reanalysis
—&— Measurements
0
o
o
x
-1
0 6 12 18 24 0 6 12 18 24
Delay (hours) Local Time (hours)
Figure 5. Reanalysis of ny. in the format of Figure 4.
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a) Sample Time Series for The at 0330LT
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Figure 7. Reanalysis of T} in the format of Figure 4.
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Figure 8. Cumulative distribution functions for surface potential conditioned on local
electron temperature from the reanalysis. The nearest LANL measurement is 3 hours (45

degrees) away. (Night side data only.)
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