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[1] Densities in the 400–500 km height region inferred from accelerometer
measurements on the CHAMP and GRACE satellites are utilized to study the response to
the isolated and severe geomagnetic storm of 20–21 November 2003. The CHAMP
and GRACE satellites provide data at approximate local times of 1110/2310 and 1430/
0230 hours, respectively. In a global sense, density increases of order 300–800% occur
during this storm, with relatively little time delay at high latitudes and with about
4-hour delay at the equator. Significant latitudinal asymmetries in the response are
discussed in the context of neutral wind patterns and enhanced summer versus winter
Joule heating rates at high latitudes. Comparisons with the NRLMSISE-00 empirical
model densities during this period show marked differences in amplitude of the response,
as well as latitudinal and temporal structures. Evidence for a tight coupling between solar
wind and neutral density variability is found for the high-latitude summer hemisphere
near noon, in that densities near 410 km are very responsive to increases in solar wind
dynamic pressure, even during periods when both Bz and By are near zero or positive.
Filtering of the data reveals regional-scale (�1000–2000 km) density anomalies that are
common between the CHAMP and GRACE measurements. During the geomagnetic
disturbance, alternating regions of density enhancements (�50%) and depressions
(�50%) exist between the pole and low to middle latitudes that have the appearance of a
standing wave pattern. During magnetically quiet intervals before and after the storm,
daytime density depressions (�4–8%) are seen that track the magnetic equator, while
density enhancements (�10%) track the latitudes of the ionospheric Appleton anomaly
peaks. Large-scale (�1000 km) wave-like structures are also prevalent during both day
and night during the magnetic disturbance and extend throughout both hemispheres,
consistent with the concept that these are associated with the so-called ‘‘direct’’ gravity
waves forced in the auroral regions and propagating far from the source. Substantial
variability is also present at medium scales (�300–500 km), but these structures are
confined mainly to middle to high latitudes, in accord with theoretical expectations.
GRACE-A and GRACE-B data are used in a feasibility study of the detection of small-
scale wave activity by taking advantage of the 30-s separation of the satellites in the same
orbital plane. Despite the large amount of maneuvers, which are not always recorded, this
first analysis is promising. Amplitude variations of order 10–20% and wave speeds of
1000–1500 m s�1 are observed.
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1. Introduction

[2] Reaction of the thermosphere to changing solar and
geomagnetic conditions occurs through a series of complex
and interdependent processes. In response to energy and
momentum deposition at high latitudes in the form of Joule
heating, particle precipitation, and electric fields that drive
neutral winds via ion-neutral collisions, a global circulation
system is set up to to redistribute mass, momentum, and
energy. Depending on molecular weight, the various con-
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stituents (O, O2, N2, H, He) respond differently to wind and
temperature perturbations. The ionospheric plasma and
neutral thermosphere respond interactively and nonlinearly
with each other, through chemical, dynamical, and electro-
dynamical pathways. Nitric oxide (NO) production is greatly
enhanced at high latitudes, and the NO, which is an efficient
radiative cooler, is transported equatorward by the fortified
wind system. In addition, waves ranging in scale from
hundreds to thousands of kilometers propagate toward low
latitudes and also act to redistribute heat and momentum.
Ultimately, much of the excess energy deposited into the
thermosphere during a magnetic storm is radiated to space
in the infrared (mostly by NO and CO2).
[3] Our observational view of the perturbed neutral

thermosphere has accrued slowly over the past 4 decades.
In the 1960s, much of our knowledge of magnetic storm
response of the thermosphere was derived from the orbital
decay of satellites (see reviews by Jacchia [1972] and
Roemer [1972]). Empirical representations of these data
formed the basis for the first static diffusion models of the
thermosphere [e.g., Jacchia, 1964]. Subsequently, satellite-
borne neutral mass spectrometers on the Ogo, Esro-4,
Aeros, and Atmosphere Explorer satellites provided a
wealth of information on neutral composition variations
during magnetic storms (see review by Pr}olss [1980]). This
information, combined with temperature measurements
from incoherent scatter radars, was used to develop the
‘‘Mass Spectrometer-Incoherent Scatter (MSIS)’’ series of
models [e.g., Hedin, 1991; Picone et al., 2002]. Satellite-
borne accelerometers have also contributed significantly to
advancing our knowledge of the thermosphere response to
geomagnetic storms [e.g., Berger and Barlier, 1981; Forbes
et al., 1987, 1996, 2005; Liu and L}uhr, 2005]. More
recently, new capabilities of remote-sensing instruments,
for example GUVI (http://guvi.jhuapl.edu/home.html) and
SABER (http://saber.nasa.gov/) on the TIMED spacecraft,
are providing both height and latitude structures of neutral
composition with the potential for providing a new level
of understanding of the neutral thermosphere and its
variability.
[4] Neutral thermosphere densities have been derived

from accelerometer measurements in the past by several
authors [e.g., Villain, 1980; Berger and Barlier, 1981;
Forbes et al., 1996]. In terms of relevance to satellite drag
applications, accelerometers provide the ideal measurement
since they do indeed sense the ‘‘drag’’ force on satellites.
(However, it must be remembered that this drag force
includes the effects of winds.) Owing to sensitivity limi-
tations, most accelerometer measurements of the past were
mainly confined to below 250 km. As such, the satellites
carrying these instruments had rather short lifetimes (<6
months). However, the CHAMP (Challenging Minisatellite
Payload) [Reigber et al., 1996] and GRACE (Gravity
Recovery and Climate Experiment) [Tapley et al., 2004]
satellites, to be described below, carry sufficiently sensitive
accelerometers that allow them to accrue useful data in the
<450 km and <550 km height ranges, respectively, and
hence over much longer periods of time. In fact, since
March 2002, these instruments have provided almost con-
tinuous contemporaneous measurements between about 400
and 550 km, extending nearly pole-to-pole and at four
different local times. Thus the sampling patterns of CHAMP

and GRACE can provide a global perspective on the spatial-
temporal evolution of the thermosphere in response to
geomagnetic activity. In fact, combined with the Sun-Earth
Connections ‘‘Great Observatory’’ consisting of the SOHO,
RHESSI, TRACE, Ulysses, Voyager, ACE, Wind, FAST,
POLAR, Geotail, CLUSTER, IMAGE, and TIMED mis-
sions, CHAMP and GRACE offer new and exciting oppor-
tunities to follow disturbances from the Sun, through the
interplanetary medium and magnetosphere, and ultimately
to their global impacts within the thermosphere.
[5] Some of the capabilities of the CHAMP and GRACE

accelerometer measurements have already been explored.
Forbes et al. [2005] investigated the disturbed period of
15–24 April 2002, and among other aspects of the storm
response, they followed the propagation of a traveling
atmospheric disturbance (TAD) from high to low latitudes
and into the opposite hemisphere, following an impulsive
injection of energy at high latitudes. Liu et al. [2005]
analyzed a year’s worth of CHAMP data to discover two
new density enhancements associated with (1) the dayside
cusp and (2) the equatorial ionization anomaly. The global
thermosphere density response to the intense storms of 29
October to 1 November 2003, as revealed by CHAMP
measurements, were presented by Liu and L}uhr [2005]
and Sutton et al. [2005]. In the work of Sutton et al.
[2005] the density response to the solar EUV flare of 28
October 2003 was also detected, and in addition, these
authors derived winds from the cross-track accelerometer
that revealed interesting similarities and differences with the
empirical Horizontal Wind Model (HWM [Hedin et al.,
1996]). Liu and L}uhr [2005] also examined the storm of
20–21 November 2003, the same one that is the focus of
the present paper, and noted hemispheric asymmetries in the
density response that were interpreted in terms of solar
EUV-driven wind patterns. They also analyzed the propa-
gation speed of the main density disturbance from high to
low latitudes at day and night, within the context of model
results by Fuller-Rowell et al. [1996].
[6] In the present work, also focused on 19–21 Novem-

ber 2003, we seek to provide the following new perspectives
on this isolated but intense event: (1) utilization of both
CHAMP and GRACE data to delineate the global density
response at four local times and in two altitude regimes; (2)
evaluation of the NRLMSISE-00 [Picone et al., 2002]
empirical model’s capability to replicate the density re-
sponse; (3) delineation of wave-like structures in the global
response at both medium scales (�250–500 km) and long
scales (>1000 km); (4) in-depth examination of the high-
latitude responses, including interpretations in terms of cusp
particle precipitation, Joule heating, polar cap index, and
variations in solar wind dynamic pressure and interplanetary
magnetic field (IMF) during the storm; and (5) evaluation of
the capabilities of the two GRACE satellites to provide new
insight into the properties of small-scale (<200 km) waves.
[7] The next section reviews the data considered in this

study and the methods used in order to compare and analyze
the density profiles. Section 3 examines consistency be-
tween CHAMP densities, GRACE densities, and empirical
models in order to establish existence of any net biases.
Section 4 examines the density response to the magnetic
storm, considering separately high latitudes, the global
large-scale response, and responses at scales ranging from
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