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The presence of nitric oxide in the lower thermo-
sphere is important for several reasons. NO plays a
strong role in the thermospheric energy balance as it
emits efficiently in the infrared, it is the terminal ion
in the lower ionosphere and, if transported to lower al-
titudes, will catalytically destroy ozone. NO is primar-
ily produced through the reaction of excited atomic ni-
trogen with molecular oxygen. One of the primary loss
mechanisms of NO is photodissociation by solar ultravi-
olet irradiance. In order to produce the excited atomic
nitrogen atom, the strong N2 molecular bond must be
broken. It has been shown that at high latitudes, au-
roral electrons and the energetic secondary electrons
provide the source of energy that leads to the large
amounts of NO that are observed. The Student Nitric
Oxide Explorer (SNOE) satellite has been observing
NO in the thermosphere daily since February of 1998.
Global observations of the abundance of NO were made
throughout the period of the large geomagnetic storm
that occurred April 16-20 of 2002. Large increases in
NO abundance were observed during the storm. Auro-
ral production of the NO is demonstrated by the distri-
bution with magnetic latitude. Equatorward enhance-
ment of NO was observed and suggests transport by
meridional winds. Because the NO molecule has a life-
time of about one day, a high latitude observation of
NO provides an indication of the integrated auroral en-
ergy deposition over the previous day. In this talk we
will present the NO observations during the time period
of the storm. We will also compare the observations
to results from the ASPEN version of the TIME-GCM
model now in use at SWRI.
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during the April 2002 World Day
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The April 2002 ISR World Day observations

spanned both a very calm time period and a time of in-
tense storm activity lasting several days. This dataset
provides an ideal setting to evaluate the response of
the Thermosphere Ionosphere Mesosphere Electrody-
namic General Circulation Model (TIMEGCM) for un-
usually stressed space weather conditions. We make
comparisons between TIMEGCM and both an equato-
rial station (the Jicamarca Radio Observatory) and a
midlatitude station (the Arecibo Observatory), both of
which were collecting data during this time period. Pa-
rameters used in this comparison include the electron
density, ion and electron temperatures, ion velocities,
and the neutral wind. There are many regions of good
agreement between the model and the data, and we
identify areas where the model could be improved.
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During April 15-24, 2002, disturbances originating
on the Sun were manifested in the upper atmosphere of
Earth through the deposition of particle, field, and pho-
ton energy. In the present work, the response of total
mass density near 410 km is investigated through STAR
accelerometer measurements on the CHAMP satellite.
Data are available near 1500 LT and 0300 LT from 87◦S
to 87◦N latitude. The latitude vs. time response of the
upper atmosphere is thus revealed on both the day and
night sides of the Earth. Perturbations over quiet levels
of order 50-100% occur. A variety of density enhance-
ment and depletion structures are also apparent at high
latitudes.
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A study of shear in the neutral wind
during geomagnetic storms
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A good assumption in most cases, and one that is
used often as a boundary condition, is that there is very
little shear in the neutral wind in the thermosphere.
However, we have noticed that in cases of strong den-
sity perturbations, such as a sudden rise in the height
of the F peak, there are often strong shears in the neu-
tral wind as ion drag drives the wind, overpowering
viscocity. On April 17, 2002, during an intense geo-
magnetic storm, there was strong electron density de-
pletion over the Arecibo Observatory accompanied by
a significant shear in the neutral wind. Neutral winds
over Arecibo are calculated using the standard Burn-
side method, and we compare the results to FPI mea-
sured winds to ensure that we reproduce the correct
trend. We compare the predicted neutral wind from
TIMEGCM to the calculated wind over Arecibo, and
note that TIMEGCM does not predict this shear. We
present a local model based on first principles to at-
tempt to recreate this shear. We also compare the forc-
ing terms from TIMEGCM, our local model, and the
actual data.
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Storm Effect on Global CO2 Infrared
Limb Emission as Observed by
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The SABER instrument on TIMED is continuously
measuring limb radiance profiles of CO2 ν3(4.3-µm)
and ν2(15-µm) with unprecedented sensitivity. SABER
provides limb radiances up to 130km for the 15- µm
channel and 140-150km (approaching 200km during
strong aurora) for the 4.3-µm channel. During the
April 2002 geomagnetic storm the 4.3-µm band night-
time emission which also includes aurorally excited
NO+(v) emission above about 100km responded dra-
matically. In the auroral region limb radiance was en-
hanced by more than a factor of 20 above the quies-
cent nighttime levels, at times being as bright as the
daytime emission. The enhancement expanded equa-
torward as the storm effects intensified. However, the
CO2 15-µm band was not significantly enhanced. We
will examine the global behavior of the limb radiance,
including other bands such as the O2

1∆g1.28−µm
band and the 2.0-µm band, and TIMED GUVI EUV
atomic oxygen and molecular nitrogen emissions, in
an effort to distinguish direct auroral excitation from
storm related temperature and composition changes.
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Extracting Power from Multiple
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Data Assimilation In Models: The Time
Has Come

Ernest Hildner (303-497-3311;
ernest.hildner@noaa.gov)

NOAA Space Environment Center, 325 Broadway,
Boulder, CO 80303, United States

Models of the space environment are maturing; at
the same time, increasing amounts and kinds of ob-
servational data are becoming available. If meteoro-
logical modeling experience is any guide, the develop-
ment of physics-based space environment models that
assimilate multiple data streams, during the model cal-
culation, will improve our understanding of the phys-
ical processes at work. This type of data assimila-
tion is quite different from using observations to set
initial or boundary conditions on models. The need
for data assimilation was recognized by the National
Research Councils recent Decadal Survey of solar and
space physics.

This talk sets the stage for this session by present-
ing the case for building data assimilation into models
of the space environment. I will show the remarkable
abundance of data quantity and types that will become
available in the next few years. Some of the data will
be available in real time; other data will become avail-
able later to provide a more comprehensive description
of an event. The benefit of using contemporaneous in
situ and remote sensing (perhaps from multiple per-
spectives) observations in models will be illustrated by
cartoon examples.
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Atmospheric data assimilation for
scientific and operational purposes.
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Data assimilation can be thought of as a mathemati-
cal technique for updating the fields of a forecast model
in a controlled manner with information obtained di-
rectly by observations. The technique was originally
developed for numerical weather prediction purposes,
and much of the progress obtained in this field over the
past few decades has been made possible by advances in
data assimilation algorithms. These algorithms are now
being applied also in other areas of the atmospheric
sciences (e.g. atmospheric chemistry and climate re-
search), as well as in other geo-sciences (most promi-
nently in oceanography). In this presentation, we will
give an introduction to the conceptual framework upon
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which data assimilation systems are built. We will pro-
vide a brief overview of some of the main characteristics
of the current generation of assimilation systems, and
we will attempt to highlight some of the most impor-
tant applications in the atmospheric sciences.
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With sufficient global data coverage, accurate neu-
tral density specification can be accomplished using a
Gauss-Markov Kalman filter where the state is assumed
to gradually relax to climatology. However, in data
sparse regions and in forecasting, the state propagator
becomes more critical in the data assimilation process.
The value of physical models as Kalman state prop-
agators is that they can capture the time-dependent
response to geomagnetic events, including the propa-
gation of neutral density waves and the development of
deep density holes. If sufficient observations are avail-
able to specify the current conditions and initialize the
physical model, a short-term forecast is feasible. The
problem in the use of physics-based models is that they
require accurate specification of the spatial and tem-
poral variation of the geomagnetic sources at high lat-
itudes that are used to drive the model. The approach
is to include the model drives in the Kalman state and
optimize the model forcing as well as the initial con-
ditions. Such models will be able to use the observed
neutral density response to automatically adjust and
optimize the model forcing functions. The best esti-
mate of the current state can then be used as the initial
conditions for a short-term forecast.
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Most data assimilation techniques, including

Kalman filtering, consider errors in the model and
use this information, along with estimated measure-
ment errors, to provide a best state estimate. As a
down side, however, these techniques assume that the
model error is random and has a zero mean, which is
often not the case. Typically, errors in the model are
not random but change slowly with the dynamics of the
system. Additionally, the actual amount of error in the
model may be unknown especially in the early design
stages of the data assimilation system. This lack of
knowledge about the model error decreases the accu-
racy of the state estimate when the data assimilation
technique is applied.

To demonstrate the effects this problem, two elec-
tric field models are used to provide the neutral compo-
sition in the thermosphere. A Weimer electric field is
used to create a simulated truth data set and a Foster
electric field is used in a Kalman filter to reproduce, as
best as possible, the original truth data set. The vice
versa application of these models can also be used since
their differences are the main point to consider. The
two electric fields provide two slightly different compo-
sition patterns to mimic a slowly changing, non-random
error as may occur in a realistic situation. As expected,
the traditional application of the Kalman filter shows
a bias in the state estimate when trying to reproduce
the truth set.

In this research, it is proposed that the Kalman fil-
ter can be supplemented by an auxiliary method to ac-
count for the unknown error. The auxiliary method
is applied based on the assumption that the errors in
the measurements are better known in comparison to
the model errors. The measurement errors alone are
used in an auxiliary method to estimate the bias, and
this calculated bias is then used to correct the model

in the main Kalman filter solution. Methods for cal-
culating the model error by the auxiliary method are
varying. These methods, including neural nets, two-
point boundary value problems, and minimum model
error estimators, are compared. The results are evalu-
ated by comparing the estimated state to the original
simulated truth file.
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Recently, there has been significant progress in data
assimilation technology into global ionosphere mod-
els. However, global magnetosphere models represent
a new challenge since the in-situ magnetospheric data
stream is spatially and temporally very sparse. This
fact represents new mathematical challenges for data
assimilation techniques. This talk briefly outlines the
physics and mathematics of previous data-rich inver-
sion techniques, and discusses the mathematical chal-
lenges and potential avenues for progress in the data-
limited regime of data assimilation techniques.
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Developing the capability to model the Sun-Earth

connected system, from the Solar corona to Earth’s up-
per atmosphere, remains a grand challenge problem of
space science. Research of model chains, which cover
the entire domain, promises new scientific insight, as
well as new abilities to predict the effect of solar dis-
turbances on humans and human assets in space and
on the ground. The nature of the coupling between
adjacent elements of such chains can be quite differ-
ent, ranging from a relatively simple driven response
to considerably more complicated two-way interactions.
In the latter case, as well as within most of the mod-
ule elements, nonlinearities in the evolution often play
a dominant role. By its very nature, an evolution de-
scribed by nonlinear physics deviates from reality over
time, even if the physical description is perfect. There-
fore, a standalone model chain will ultimately be in-
sufficient. Instead, predictive models typically must
be corrected to remain close to the real evolution. At
this point, assimilation of real-time measurements be-
comes critically important. With the exception of at-
mospheric and ionospheric modeling, we presently lack
both approaches and concepts to deal with sparse data
sources and nonlocal physical models. In this presen-
tation, we will discuss the need for data assimilation,
analyze present activities in the research community,
and try to point out future directions for assimilation
approaches.

URL: http://ccmc.gsfc.nasa.gov
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The magnetosphere-ionosphere-thermosphere (M-I-
T) system is a highly dynamic, coupled, and nonlinear

system that can vary significantly from hour to hour
at any location. The coupling is particularly strong
during geomagnetic storms and substorms, but there
are appreciable time delays associated with the trans-
fer of mass, momentum, and energy between the do-
mains. Therefore, both global physics-based models
and vast observational data sets are needed to eluci-
date the dynamics, energetics, and coupling in the M-I-
T system. Fortunately, during the coming decade, tens
of millions of measurements of the global M-I-T sys-
tem could become available from a variety of in situ
and remote sensing instruments. Some of the mea-
surements will provide direct information about the
state variables (densities, drift velocities, and temper-
atures), while others will provide indirect information,
such as optical emissions and magnetic perturbations.
The data sources available could include: thousands of
ground-based GPS Total Electron Content (TEC) re-
ceivers; a world-wide network of ionosondes; hundreds
of magnetometers both on the ground and in space;
occultations from the COSMIC Satellites, numerous
ground-based tomography chains; auroral images from
the POLAR Satellite; images of the magnetosphere and
plasmasphere from the IMAGE Satellite; SuperDARN
radar measurements in the polar regions; the Living
With a Star (LWS) Solar Dynamics Observatory and
the LWS Radiation Belt and Ionosphere-Thermosphere
Storm Probes; and the world-wide network of incoher-
ent scatter radars. To optimize the scientific return
and to provide specifications and forecasts for societal
applications, the global models and data must be com-
bined in an optimum way. A powerful way of assimilat-
ing multiple data types into a time-dependent, physics-
based, numerical model is via a Kalman filter. The
basic principle of this approach is to combine measure-
ments from multiple instrument types with the infor-
mation obtained from a physics-based model, taking
into account the uncertainties in both the model and
measurements. The advantages of this technique and
the data sources that might be available will be dis-
cussed.
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The NASA Solar Terrestrial Probe (STP) Mission
Geospace Electrodynamic Connections (GEC) will con-
sist of three identical satellites measuring thermosphere
and ionosphere state variables along with magneto-
spheric coupling parameters. These measurements will
be made from a simple orbit whose perigee will drop to
below 130 km while the intersatellite temporal spacing
will range from seconds to 33 minutes. GEC will ex-
plore for the first time the electrodynamic coupling pro-
cesses that exist in the ionosphere-thermosphere driven
by the magnetosphere. Because of the triple satellite
configuration, GEC will acquire the measurements nec-
essary to resolve the space-time ambiguities concerning
the energy transfer scales between the magnetosphere-
ionosphere-thermosphere (MIT) system. But how will
scientists analyze the GEC data streams to obtain this
new understanding?

This presentation will address initial considerations
on how the analysis of GEC observations will be pur-
sued. That GEC will generate over 60 parallel but inde-
pendent science parameter data streams is but the “tip
of the iceberg”; almost all are coupled via physical pro-
cesses that have a wide range of spatial and temporal
scales. The presentation will focus on how case studies
will strive to use these GEC data (and probably ad-
ditional observations) to constrain physical models of
the coupling processes. Various GEC-Model-MIT sce-
narios will be synthesized and analyzed to demonstrate
the problem facing scientists. The spatial and tempo-
ral dynamics of the MIT system is synthesized by us-
ing the Utah State University (USU) Magnetosphere-
Ionosphere (M-I) model simulation of a substorm along
with the NOAA/SEC thermosphere-ionosphere (CTIM)
simulation of a large storm as drivers for a high resolu-
tion ionospheric simulation using the USU Time Depen-
dent Ionospheric Model (TDIM). Resulting from these
model runs is a numerical data base with spatial scales
ranging from 20 km to global and temporal scales from
20 seconds to hours. This synthetic environment is then
sampled along probable GEC orbit paths. The tem-
poral spacing of the satellites is a variable to be used
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in testing proposed analysis techniques. These tech-
niques range from the usual visual orbit inspection,
through epoch analysis, correlation-covariance analy-
sis, to wavelet analysis.
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A physics-based data assimilation model of the iono-
sphere is under development as the central part of a
DoD MURI funded program called GAIM (Global As-
similation of Ionospheric Measurements). With the sig-
nificant increase in the number of ionospheric observa-
tions that will become available over the next decade,
this model will provide a powerful tool towards an im-
proved specification and forecasting of the global iono-
sphere, with an unprecedented accuracy and reliabil-
ity. The goal of this effort will be the development
of an operational ionospheric assimilation model that
will provide specifications and forecasts on spatial grids
that can be global, regional, or local (50 km x 50 km).
The specification/forecast will be in the form of 3-
dimensional electron density distributions from 90 km
to geosynchronous altitudes (35,000 km). In GAIM,
the data assimilation is performed by a Kalman fil-
ter using a new physics-based ionosphere/plasmasphere

model (IPM). This model includes 6 ion species (O+
2 ,

N+
2 , NO+, O+, H+, and He+) and currently covers

the low and mid-latitudes from 90 km to about 20,000
km altitude. As a practical implementation the Kalman
filter in GAIM is based on approximations of the state
error covariance matrix, employing a reduction of the
model dimension and a linearization of the physical

model for the propagation of the error covariance ma-
trix. These approximations lead to a dramatic reduc-
tion in the computational requirements. In this paper,
we will give an update on the status of the Kalman
filter development and present results from a global as-
similation run. In this test three different data types
were considered, including bottomside electron density
profiles obtained from several digisondes, slant TEC
from a network of ground-based GPS receivers, and in
situ electron density measurements from DMSP satel-
lites.
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A number of recent studies have used linear and
nonlinear data filtering techniques to generate response
functions that characterize, spatially and temporally,
the coupling between solar wind velocity and energetic
electron flux variations in the Earth’s magnetosphere.
This data intensive modeling technique is not new, but
has historically been of limited use because it requires
long, continuous, and relatively high-quality data sets
with which to train the filters. The SAMPEX satellite
provides just such a data set with its 2-6MeV electron
channel (ELO). The ELO data is available as either
daily or orbit-averaged flux measurements, in 0.1 L-
shell bins, from L = 0.1 to L > 8.0, providing both
high time and spatial resolution flux measurements. In
addition, autoregressive (AR) filters have been shown
to behave as an efficient multi-bandstop filter, capa-
ble of effectively removing diurnal variations in elec-
tron flux data without losing short time scale dynam-
ics. This means that impulse response functions can
be determined at time scales down to 90 minutes (the
orbit period of SAMPEX, and effective sampling pe-
riod of the data used). Finally, adaptive optimiza-
tion algorithms have been used to provide real-time up-
dates to the model parameters with each new solar wind

and SAMPEX measurement, demonstrating the non-
linearity and non-time stationarity of the Earth’s radi-
ation belt response to solar wind inputs. Previous stud-
ies will be reviewed in the context of this being a purely
data-based assimilation technique, and expanded to in-
clude additional solar wind inputs via multi-channel,
autoregressive prediction filters. The resulting models
offer a visually intuitive description of the dominant
dynamical drivers of electron loss and enhancement in
space (L-shell) and time, in addition to providing a ro-
bust and reasonably accurate short-term space weather
forecasting tool.
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In coming years we will see an explosion in our need
to routinely perform a complex multi-viewpoint data
analysis of space physics data sets. Orchestrated multi-
spacecraft measurements open access to new physical
quantities not accessible with single spacecraft, and
they remove spatio-temporal ambiguities. Our ability
to appropriately analyze data from three-dimensional
spacecraft formations and the proper ingestion of those
data into models is currently underdeveloped. Provid-
ing comprehensive data fusion tools for these new data
sets is necessary in order to utilize these data effec-
tively. We are presenting our system, currently under
development, which is designed to give full access to the
three-dimensionality of the space environment by cal-
culating gradients, divergences and curls from measure-
ment of vector and scalar quantities performed simulta-
neously by identical instruments on multiple satellites.
On the local level this allows to obtain spatial or tem-
poral scales at high resolution and on a global level this
reduces the amount of data considerably and facilitates
the interface with global numerical models.
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