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[1] In this paper we report the first measurements of the
thermosphere neutral density response to a solar EUV flare.
Two X17 flares are considered: The first on 28 October,
2003, and the second on 4 November, 2003. The density
measurements are provided by accelerometers on the
GRACE and CHAMP satellites near 490 km and 400 km,
respectively. X-ray fluxes are provided by GOES-12, and
EUV fluxes by the SEE instrument on TIMED. The
thermosphere density increases associated with the first
flare are about 50–60% at low to mid-latitudes. The time to
peak response is 72 ± 47 minutes with respect to the peak
EUV flux emitted by the flare, while the recovery to prior
quiescent levels takes nearly 12 hours with an approximate
decay time constant of 8 hours. The response to the second
flare is about 35–45% with similar response and recovery
times. The above density enhancements correspond to
exosphere temperature increases of about 125–175 K and
100–125 K, respectively. These results provide new
opportunities for the testing and validation of models over
time scales similar to those of basic mechanisms governing
the thermosphere response, such as thermal conduction,
radiative cooling, and restoration of diffusive equilibrium.
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1. Introduction

[2] During the period spanning late October to early
November of 2003, several X-class solar flares and coronal
mass ejections occurred. The thermosphere and ionosphere
responses to the ensuing geomagnetic activity has been the
topic of a number of papers [Liu and Lühr, 2005; Meier et
al., 2005; Sutton et al., 2005; Thuillier et al., 2005; Lin et
al., 2005; Mannucci et al., 2005; Tsurutani et al., 2005]. In
addition, Tsurutani et al. [2005] examined the ionospheric
response to the flare emissions. In the present paper, we
focus on the response of the thermosphere to the solar
flares. This is the first time that the latitude-time response of
the thermosphere to an EUV flare has been reported. This is
made possible by the spatial and temporal resolution of the
density data derived from accelerometers on the GRACE
and CHAMP satellites.

[3] An X17.2 flare at approximately 11:10 UT on 28
October (day 301) marked the beginning of the severe solar
events. A coronal mass ejection associated with this flare
impinged on the magnetosphere of the earth at 6:11 UT on
the next day. During the 19 hours between these two events,
geomagnetic activity as measured at Earth’s surface was at
quiet levels (aP < 48) as seen in Figure 1. These rare
conditions provide the opportunity to analyze the direct
effects of solar flares on changes in the thermosphere
without the ambiguity of any magnetic effects.
[4] At the end of the events of October and November,

there was a second chance to observe the impact of a solar
flare on the thermosphere: an X17.4 flare at approximately
19:53 UT on 4 November (day 308) ended this period of
geomagnetic disturbances. However, the density response to
this flare occurred only 1–2 hours after the thermosphere
had recovered from previous disturbance levels, leaving
open the question of preconditioning effects on the
response. We nevertheless report the effects of this flare
here, but mainly concentrate our analysis on the first flare.
[5] The neutral density response to an EUV flare holds

fundamental importance for thermosphere physics. Dynam-
ical systems are often characterized by their frequency
response and by their response to impulse forcing. The
response to a flare very nearly falls into the latter category.
Therefore, we view our results as providing a new perspec-
tive through which complex models of the thermosphere,
e.g., the NCAR Thermosphere Ionosphere Electrodynamics
General circulation Model (TIEGCM) [Richmond et al.,
1992] can be tested and validated, especially at time
constants close to those of the governing physical processes.

2. Data Analyses

[6] In this study, we use total neutral density measure-
ments from accelerometers aboard two satellites to interpret
the response of the thermosphere to solar flares. Both
Gravity Recovery And Climate Experiment (GRACE
[Tapley et al., 2004]) and CHAllenging Minisatellite
Payload (CHAMP [Reigber et al., 2002]) satellite data are
provided for our use by the Information System and Data
Center (ISDC, http://isdc.gfz-potsdam.de). The derivation
of thermosphere densities from these data is complex, and
involves consideration of such effects as radiation pressure,
satellite shape and orientation, thruster firings, etc. For full
documentation concerning the computation and processing
of density data utilized here from satellite accelerometers,
see Sutton et al. [2005].
[7] In addition to illustrating the raw observations, we

seek to remove a background density and any geomagnetic
signatures in the density measurements preceding or fol-
lowing the flares, leaving only the density enhancements
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caused by solar flux. To do this we employ the NRL-
MSISe00 model [Picone et al., 2002]. NRL-MSISe00 is
also used in conjunction with the density measurements to
deduce a residual exospheric temperature. In empirical
models of the thermosphere, density depends parametrically
on exospheric temperature. For given lower boundary
conditions, i.e., a specific time and location, there is a
one-to-one relationship between exosphere temperature

and density. In the present application, we varied the
10.7 cm solar flux in order to find the exosphere
temperature that matched the measured density. This
method makes the basic assumption of diffusive equilib-
rium, which may not always be strictly true.
[8] In order to provide a source reference for the density

response, we use the average solar flux between 10 and
121nm as measured by the Solar EUV Experiment (SEE
[Woods et al., 2005]) aboard the NASA TIMED satellite.
The level 3A data product is used (http://lasp.colorado.edu/
see/), with an approximate 3-minute observation of the Sun
every orbit (the TIMED orbital period is about 97 minutes).
This average flux increases by about a factor of 5 for each
of the flares studied here. However, because the temporal
sampling of this measurement has limitations imposed by
satellite location relative to flare onset, we also employ
1–8 Å X-ray measurements from the Geostationary Opera-
tions Environmental Satellites (GOES-12, http://www.goes.
noaa.gov), with a resolution of 1 minute. These measurements
allow for a more accurate calculation of thermosphere density
response time. Solar flux data at 26–34 nm also exists from the
Solar EUVMonitor (SEM [Judge et al., 1998]) aboard SOHO
(http://sohowww.nascom.nasa.gov), but these data were not
utilized here.

3. Results and Discussion

3.1. 28 October, 2003

[9] Latitude versus time plots show the response of the
neutral density on the day and night-sides of each satellite
orbit for the first flare (Figure 2). Leading up to the flare,

Figure 1. (top) X-ray flux measured by GOES-12. The
flares of interest in the present study are those
exceeding fluxes of 10�3 Wm�2 on 28 October (day 301)
and 4November (day 308), 2003. (bottom)AP and aP indices.

Figure 2. Latitude versus time depictions of total mass density measured during 27–28 October (day 300–301), 2003.
(left) GRACE densities normalized to 490 km, at local times (bottom) 4:00 and (top) 16:00. (right) CHAMP densities
normalized to 400 km, at local times (bottom) 1:20 and (top) 13:20. EUV fluxes from the SEE instrument on TIMED are
superimposed in the top plots. KP and North Polar Cap Index are superimposed in the left and right bottom plots,
respectively.
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there is very little activity on day or night-side of the orbits
for either satellite. Maxima caused by diurnal solar heating
can be seen on the dayside at low latitudes, with a slight
latitudinal offset between GRACE and CHAMP owing to
the differences in local time and height sampling. Shortly
after the flare occurs, these maxima increase in amplitude
but do not shift in latitude. This strongly suggests that these
enhancements are caused by an increase in solar flux not
only due to the correlation between flare activity and
density enhancement on the day-side, but also because
enhancements in density caused by geomagnetic activity
usually originate around the poles and not near the equator
[Prölss, 1997], as seen in Figure 2. On the night-side there
is very little activity before and after the flare, which is also
inconsistent with geomagnetic disturbances.
[10] To better isolate the response of the thermosphere to

the flare of 28 October (day 301), the mean density
averaged over ±30� latitude is calculated, and a mean
background density defined according to the NRL-MSISe00
empirical model is removed. Exospheric temperatures are
also deduced from these measurements using NRL-
MSISe00 (see section 2), resulting in a set of residual
densities and temperatures that are illustrated in Figure 3.
On the day-side, density measured by GRACE increases
50% from prior levels in response to the flare, while the
associated exospheric temperature increases 125 K. The
maximum response occurs 72 ± 47 minutes after the peak
x-ray flux as measured by GOES-12 (the 47-minute ambi-
guity is due the 94-minute sampling imposed by the orbital
period of the GRACE satellites). The recovery to prior
quiescent levels takes nearly 12 hours with an approximate
decay time constant of 8 hours. Density measured by
CHAMP increases 65% while the associated exospheric

temperature increases by about 175 K. Maximum density
occurs 104 ± 46 minutes after the maximum flux is
measured by the GOES-12 satellite, with similar recovery
time as the density measured by GRACE. The reason for the
smaller response amplitude measured by GRACE is most
likely caused by a difference in local time, while the
difference in response times between measurements made
by GRACE and CHAMP is not significant given the
ambiguities imposed by the approximate 90 minute tempo-
ral sampling at a given latitude.

3.2. 4 November, 2003

[11] Figure 4 illustrates the latitude versus time response
of the neutral density on the day and night-sides of each
satellite orbit for the second flare. Leading up to the flare,
there is moderate to strong geomagnetic activity which
causes enhancements in density on the order of 100% near
the poles on the night-side and at both high and low
latitudes on the day-side. On the day-side, just after the
geomagnetic disturbance has dissipated, density enhance-
ments occur following the increase in solar flux associated
with the flare. Similar increases do not occur on the night-
side, so we conclude that the flare response has been
identified.
[12] For this flare, the maximum density measured by

GRACE occurs 117 ± 47 minutes after the maximum flux is
measured by GOES-12, while the maximum density mea-
sured by CHAMP occurs 33 ± 46 minutes after. Again, this
inconsistency is possibly caused by the difference in sam-
pling of the two satellites. Analysis of density response due
to the flare becomes complex due to the proximity of the
enhancements caused by prior geomagnetic activity. How-
ever, by inspection it is clear that the response character-

Figure 3. Density (blue lines) and estimated exosphere temperature (green lines) residuals associated with the solar flare
occurring on 28 October (day 301), 2003. The residuals are with respect to densities and temperatures averaged between
±30� latitude (scales are defined in order to achieve maximum correlation between density and temperature). GRACE
results are on the left and CHAMP results are on the right. Top plots depict daytime results and the bottom plots correspond
to nighttime. Vertical red lines indicate the time of peak x-ray flux as measured by GOES-12.
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