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[11 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 B. and B, 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~ 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
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system is set up to to redistribute mass, momentum, and
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stituents (O, O,, N,, 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 CO,).

[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 Prdlss [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 Liihr, 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
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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 Liihr [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 Liihr [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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Figure 1. Latitude versus local time dependence of

CHAMP and GRACE data for the period 19—21 November,
(days 323-325) 2003. The altitudes of CHAMP and
GRACE at 0° and +60° latitude on day 324 are indicated
along the orbital tracks. The arrows on the orbital tracks
indicate the directions of motion of CHAMP and GRACE.

a few hundred to a few thousand kilometers. Very short
temporal- and spatial-scale variations observable (in princi-
ple) using densities from both GRACE satellites are
discussed in section 4. The conclusions are presented in
section 5.

2. Data and Analysis Methods
2.1. CHAMP/STAR Data

[s] CHAMP was launched in July 2000 at 450 km
altitude in a near-circular orbit with an inclination of
87.3°. During 20—21 November 2003, CHAMP orbited at
a mean altitude of 401 km and sampled local times of
about 1110 and 2310 hours at most latitudes (see
Figure 1). The CHAMP density data used in this study
were derived as outlined by Bruinsma et al [2004],
except that updated drag and macromodels were used.
Here, we briefly describe the accelerometer measurements
and discuss several aspects of the density calculation. The
STAR (Spatial Triaxial Accelerometer for Research) Level
2 observations were processed by the GeoForschungsZen-
trum Potsdam (GFZ) to remove maneuvers and anoma-
lous spikes and smoothed over 10 s. The data have a 0.1
Hz sampling rate, which translates to an in-track resolu-
tion of ~80 km. We applied the calibration parameters
described below, which are given in the GFZ product
files, to these Level 2 data, and used the resulting
tangential (in-track) accelerations to derive densities.
The normal (cross-track) accelerations are not used (for
instance, compare the method used by Liu et al. [2005])
in our procedure for two reasons: First, although STAR
measures the in-track and the cross-track accelerations
with the same precision, the cross-track calibration param-
eters, described below, have uncertainties that are consid-
erably larger than those of the in-track calibration
parameters [Bruinsma et al., 2004]. Second, because the
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radiation pressure and drag are almost equally important,
large errors can be incurred when erroneously modeled
radiation pressure is applied. However, using only the in-
track accelerations does not affect the accuracy of the
derived densities because both observations and computed
quantities (i.e., the effective cross-sectional area of the
satellite with respect to the speed, incidence angles, and
modelled solar radiation pressure and Earth albedo) are
accurately projected in the in-track direction due to the
15-plate satellite macromodel correctly oriented in inertial
space by the attitude quaternions.

[¢9] The accelerometer measures accelerations due to both
densities and winds; when the latter are neglected, errors are
incurred in the derived densities. Errors in the derived
densities due to zonal and meridional winds are estimated
at 2% and 4% per 100 m s, respectively, for CHAMP; the
numbers for GRACE are 1% and 4%, respectively. The
accuracy of the density observations is therefore estimated
to be less than 10% when the geomagnetic activity is low to
moderate, i.e., K, less than 3. When the geomagnetic
activity is higher, the density cannot be derived with equal
accuracy because of significant upper atmosphere neutral
winds. These winds can only be modelled in a mean sense
and with inadequate resolution. Observations under geo-
magnetic storm conditions are used in this study, and this
despite their poorer accuracy of 10—40% at high latitudes
where neutral wind speeds of order 500—750 m s~ ' are
plausible. However, given that the density perturbations are
several hundred percent (see section 4), these uncertainties
still allow acceptable levels of physical interpretation. A
more detailed description of the error budget, as well as of
the complete density derivation procedure, is given by
Bruinsma et al. [2004] and Bruinsma and Biancale [2003].

[10] Knowledge of the calibration parameters of the
accelerometer, in particular of the in-track axis, is a neces-
sary condition for obtaining accurate densities. In case of
STAR, we have a long time series of biases and scale
factors, and these are well determined with an uncertainty of
1% for the in-track axis [Bruinsma et al., 2003; Bruinsma et
al., 2004]. The a priori values applied to the in-track axis
measurements that were used to compute the densities are
bias = 0.296 x 107° m sfz, scale factor = 0.833, where
calibrated acceleration = bias + scale factor x (measured
acceleration). Corrections of the order of 107® m s~2 are
computed on a daily basis and added to the a priori bias in
order to correct for instrumental drift. Not taking this drift
into account causes density errors of up to 1%. For more
ample information on the performance of STAR, the reader
is referred to Perosanz et al. [2004].

2.2. GRACE/SuperSTAR Data

[11] The two identical satellites GRACE-A and GRACE-
B were launched in March 2002 at approximately 500 km
altitude, in near-circular 89.5° inclination orbits with
GRACE-B following approximately 220 km behind
GRACE-A. As indicated in Figure 1, local time sampling
by the GRACE satellites during 19—-21 November 2003
occurred at about 1430 and 0230 hours. The GRACE
density observations were inferred from level-1B acceler-
ometer measurements, which have a 1 Hz sampling rate.
These measurements were smoothed over 1 s only, but the
SuperSTAR accelerometers are an order of magnitude more
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precise than STAR. However, the attitude maneuvers were
not filtered from the data (there are no anomalous spikes in
the data) but were instead smeared out over up to tens of
seconds, thus effectively making their a posteriori filtering
impossible. This was done in order to have smooth accel-
erations for gravity field modelling purposes, so without the
typical abrupt spikes of, but with the maneuvers fully
contained in the measurements. Unfortunately for density
data processing, hundreds of (micro-) maneuvers per day
are required to maintain the line-of-sight between the
satellites. The amplitudes of these maneuvers are up to
0.1 x 107"* kg m °, and their total duration can be up to
I min, which translates to approximately 450 km in-track.
The relative error may reach 8% over 10—30 s intervals on
the nightside, where the absolute densities are lowest. They
are on average two to three times smaller on the dayside.
When studying wavelengths of 450 km and larger, the data
may be filtered in order to have mean profiles that are as
clean as possible. On the other hand, one may consider this
error amplitude sufficiently small to be acceptable, in
particular during geomagnetically active periods when other
error sources (i.e., neutral winds) can cause an almost order
of magnitude larger degradation. We downsampled the
GRACE data to the CHAMP rate of 0.1 Hz for this density
study by taking the average acceleration over the 10-s
intervals. However, the 1 Hz data were used when densities
of both GRACE satellites were compared (i.e., section 5.)

[12] While we know the (numerical) values of the
STAR calibration parameters very well, as well as their
stability with time, this is not so for the SuperSTAR
instruments. In order to have accurate estimates of the
GRACE-A and GRACE-B calibration parameters and
verify their precision, we have processed 3 months of
data, August through October 2003. The GPS, acceler-
ometer, and attitude data were processed in daily arcs
with GINS, the CNES precise orbit determination soft-
ware, and a bias and scale factor per axis (radial,
tangential and normal) of the SuperSTAR instruments
were estimated on a per arc basis. The resulting calibra-
tion parameters for the in-track axes are GRACE-A bias
= +1.118 x 107 m s, scale factor = 0.957, GRACE-B
bias = —0.556 x 107 % m S*Z, scale factor = 0.943. These
calibration parameters agree to better than 1% with the
values given in the Technical Note GRACE-TN-04-02
available on the GRACE Information System and Data
Center (ISDC) at GFZ (http://isdc.gfz-potsdam.de/grace/).
These were determined by the Center for Space Research
of the University of Texas at Austin using data from
2001 and 2002. The GRACE-A accelerometer perfor-
mance in terms of stability of the estimated daily param-
eters is slightly better than that of GRACE-B and
CHAMP/STAR. Therefore in view of these results and
having an eight-plate macromodel of the GRACE satel-
lites, we have at our disposal all ingredients for accurate
density derivation.

2.3. Density Normalization

[13] CHAMP and GRACE are at different altitudes,
CHAMP orbiting nearly 100 km lower in 2003. In this
paper we sometimes refer to “normalized densities,”” where-
in the CHAMP and GRACE densities (p) at some altitude z
are normalized to a constant altitude z, (here taken to be
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425 km). This is accomplished using an empirical model
(DTM2000) [Bruinsma and Thuillier, 2003] density py,
according to the following:

o(z0) = p(z) ) (1)

Errors introduced by this normalization may be estimated as
follows. Suppose the atmosphere is characterized by a
constant scale height H with uncertainty 6H (0H/H < 1). It
is simple to show using the hydrostatic law that the
uncertainty 0H translates to a ratio of normalized over true
density of approximately

R%eit%; bz=z—12 (2)

or a percent error of (R — 1) x 100. Thus for nominal
values of 6z = +50 km, H ~ 70 km (solar maximum), and
OH/H = 0.05 (+5% overestimate in scale height), an
uncertainty of about —3.5% is incurred in the normalized
density.

[14] Comparison between CHAMP and GRACE densi-
ties normalized to an intermediate altitude of 425 km
immediately raises the question as to whether any system-
atic offset (i.e., due to instrument biases) exists between the
two data sets. A systematic offset is difficult to ascertain,
since the satellite altitudes differ by ~100 km, and they are
seldom at the same location at the same time. The preferred
method would be to perform a statistical comparison be-
tween multiyear CHAMP and GRACE data sets with one or
more empirical models of thermosphere density. This is not
presently possible, since we have only processed the
GRACE data for a few select events. As an interim
approach, we performed a comparison between CHAMP
and GRACE measurements, normalized to 425 km, during
geomagnetically quiet orbits on 3 May 2003, when the
orbital planes of the spacecraft were nearly coincident. We
found the average CHAMP densities to be 13% smaller than
those of GRACE. However, given the possible sources of
this difference (model scale height, i.e., equation (2); errors
in satellite macromodels; time differences between measure-
ments; differences in data smoothing; and errors due to
wind) and their potential magnitudes, we concluded that
neither the origins nor the significance of this result can
reliably be estimated based on only a few orbits of data.
Fortunately, a net difference of this magnitude, if real,
would not significantly affect the results and conclusions
of this paper. Nevertheless, this issue must be kept in mind
for future studies, particularly if the two data sets are
incorporated into revisions of existing empirical models.

3. The 20-21 November 2003 Geomagnetic
Storm as Observed by CHAMP and GRACE
3.1. Solar Wind and Geomagnetic Data

[15] The magnetic storm of 20—21 November 2003 is
particularly interesting, as it is a large disturbance of limited
duration, with periods of geomagnetic quiet preceding and
following the event. Figure 2 illustrates some solar wind

parameters at the ACE spacecraft (http://www.srl.caltech.
edu/ACE/ASC/level2/swepam-12desc.html) and the Dy,
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Figure 2. Solar wind data at L1 and Dy, during days 323 —
325, 2003. Top to bottom: proton speed, dynamic pressure,
B., B), and Dy, The vertical dashed line marks the time of
storm sudden commencement (SSC). The horizontal dotted
lines mark B. = 0 and B, = 0.

index (http://swdewww.kugi.kyoto-u.ac.jp/wdc/Sec3.html)
for days 323-325 (19-21 November), 2003. A storm
sudden commencement (SSC) occurred at 0803 UT
(ftp.ngdc.noaa.gov/STP/SOLAR-DATA/SUDDEN-
COMMENCEMENTS/storm2) in conjunction with the sig-
nificant enhancement in solar wind speed (700 m s~ 1) and
solar wind pressure (/218 nPa). These signatures are consis-
tent with the arrival of a shock, probably preceding a CME or
corotating interaction region (CIR). At this time B, was
near zero (=—5 nT). B, then turned northward, reaching
about 15 nT near 1000 UT, shifting southward near 1030 UT,
reaching a minimum value of about —50 nT near 1500 UT
before increasing again. During this time, B, remained
positive until about 1600 UT, then reached a minimum
value of —20 nT between 1900 and 2400 UT on day 324,
before returning to small positive values. A second smaller
increase in dynamic pressure occurred between 1600 and
1900 UT on day 323, just after B, reached its minimum
negative value, and just before the time (1930 UT) that Dy,
reached a minimum of —472 nT. This secondary increase in
dynamic pressure is most likely associated with the en-
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hanced density plasma trailing the shock, and responsible
for existence of the shock. During day 324, the Northern
Hemisphere Polar Cap (PC) Index reached a secondary
maximum of 8 near 0900 UT and a primary maximum of
12 near 1800 UT, while the 3-hourly ap index reached a
maximum near 300 between 1600—2000 (see figures to
follow). We will now examine the density responses inferred
from the CHAMP and GRACE accelerometers during day
324 in light of the above changes in solar wind and
geomagnetic conditions.

3.2. High-Latitude Density Response

[16] The left panels in Figure 3 depict the CHAMP and
GRACE density responses as a function of magnetic lati-
tude and UT at 410 km and 490 km, respectively, during
daytime. Magnetic Local Times (MLT) of CHAMP fall in
the range 1020—1050 MLT, and that of GRACE fall within
1350—-1430 MLT. The first indication of any significant
neutral response occurs at about 1000 UT near 72° magnetic
latitude in the Southern Hemisphere, about 2 hours after
SSC, and coincides with the first maximum in the PC index.
A smaller response is seen in the Northern Hemisphere by
CHAMP, but there is no corresponding detectable response
in the Northern Hemisphere by GRACE. Weaker responses
are seen at lower latitudes, with time delays of about 4 hours
at the equator. During nighttime, as indicated in the right
panels of Figure 3, the responses of both CHAMP and
GRACE during this early part of the disturbance are very
weak. Recall from the ACE solar wind data that B, did not
turn southward until about 1030 UT. We therefore attribute
the relative weakness of this initial density response to the
fact that B, was near zero or in a northward orientation at the
time of the more significant increase in solar wind pressure
occurring near the SSC.

[17] Another perspective on the density responses at high
latitudes is provided in Figure 4. Here we illustrate ratios of
density to the mean density measured during day 323, a day
of geomagnetic quiet. In this depiction the CHAMP and
GRACE densities that are plotted correspond to the actual
altitudes of measurement, which are different between
hemispheres (due to the small eccentricities of the orbits;
cf. Figure 1), but which remain constant with time at any
given latitude over the 3-day period. As noted previously,
both the dayside and nightside responses to the early
increase in magnetic activity (the first maximum in PC
index) at +72° magnetic latitude are smaller compared to
those at the magnetically conjugate latitude. At —72°
magnetic latitude, the initial CHAMP increase following
the SSC is more than a factor of 3.5 on the dayside and a
factor of 2 on the nightside. For GRACE, these density
increases are more than a factor of 3.

[18] In interpreting these hemispheric differences in the
responses at high latitudes, it must be remembered that
conditions are within 31 days of December solstice. There-
fore the Southern Hemisphere polar/auroral region is subject
to relatively low solar zenith angles, and hence enhanced
electrical conductivities compared to the Northern Hemi-
sphere, even on the “nightside.” This may facilitate the
flow of electric current from the magnetosphere to the
ionosphere and thereby the Joule heating. Furthermore,
examination of Defense Meteorological Satellite Program
(DMSP) horizontal plasma drift data from the F13 satellite
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